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ABSTRACT
The objective of this study ia to examine the performance of 
the proposed avLomatic control system for the Camden - Kriel 
section of the Usutu River Government Water Scheme, in the 
Eastern Transvaal of South Africa, by extended period time 
simulation of the hydraulic system and the logics of the 
control on a computer model.
The scheme comprises reoervoira located at Metapruit, Davel 
and Kriel Power Station, b-zo fixed speed electrically driven 
pumps at Camdi? . and motor operated flow control regulating 
valves at Davel and Kriel. All of these are at remote, un­
attended stations and connected by a single pipeline 104 km in 
length.
The purpose of the control system is to regulate the flow of 
water in the pipeline in order to satisfy the total demand by 
controlling the position of the regulating valves and by 
automatically starting and stopping the pumps. The control is 
non-linear and is of the on-off or bang-bang type. The study 
sets out to optimize the control system and to recommend re­
servoir level and valve position control parameters which avoid 
unnecessary change of state of valves and pumps without restric­
ting the pipeline flow necessary to meet the demand.
The model of the hydraulic system was compiled from well known 
hydraulic equations and design data supplemented and modified 
by actual test information, as and when this became available. 
The control strategy was derived from a rational approach to 
the problems involved, based on reasoned argument and ea: erien- 
ce. Although the process computet will not be operational for 
some time to come and therefore confirmation of the results is 
not possible at present, it can be confidently expected that 
the predictions made will be borne out in practice.
(ill)
In all, more than forty five computer rune were carried out 
over simulated time periods varying from three and a half days 
to eleven and a half days for a variety of operating conditions, 
The results showed that satisfactory performance can be achieved 
by introducing additional reservoir level set-points. The 
system was optimized for minimum energy consumption by restric­
ting operation of the second pump to full flow conditions only. 
Values of control parameters were obtained which satisfy all 
the major requirements of the control system.
Civ)
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INTRODUCTION
The UeuCu Rivet Governroent Water Scheme in the Eastern 
Transvaal of South Africa is a major project of the Depart­
ment of Water Affairs. The scheme is approximately 170 
kilometres in length and will be capable of delivering 
approximately 2,9 cumecs from dams in the East to the power 
stations on the Highveld. The principal consumers are 
Camden (1 600 MW) and Kriel (3 000 MW) Tower Stations. The 
scheme will also supply some water to Metis Tower Station as 
well as townships and other minor consumers along the 
pipeline route.
The main scheme which comprises two parts
1. Jericho to Camden Pipeline
2. Camden to Kriel Pipeline
will be automatically conticlled from a computer station via 
a fixed link UHF radio network.
The main function of the Camden - Kriel Pipeline control 
system will be to maintain the level of water at Kriel Power 
Station storage reservoir within predetermined limits and 
hence regulate the flow of water through different parts of 
the pipeline by controlling valves and fixed speed pumps 
located at remote unattended stations. Apart from physical 
limitations, the system will be constrained by certain 
Interlocks in order to ensure the safe operation of the. 
water scheme.
In order to examine the performance of the proposed auto­
matic control system over extended periods of time it was 
decided to simulate the scheme under various operating 
conditions on a computer model. The study also sets out to 
optimize the control system and to recommend reservoir
level and flow control valve position control settings 
which will satisfy the major requirements of the system.
Description of the Scheme
trig. 1.1 is a schematic representation of the Camden - 
Krial part of the Usutu Scheme. This comprises three 
sections
(a) A Rising Main 12,8 km in length which extends from a 
pump station located at Camden Power Station to Riet- 
spruit Reservoir.
Three fixed speed pumps driven by 2 875 W, squirrel 
cage induction motors are housed in the pump station. 
Of these there are two service pumps and a standby.
The pumps operate in parallel, drawing water from 
Camden Reservoir and delivering it via a common 1,2 
metre diameter pipeline to Rietspruit, an elevation 
of almost 120 metres.
A motor operated discharge valve is associated with 
each pump, which is closed when its pump is stopped 
or fully open when the pump Is running. Intermediate 
positions are not permissible. Only two basic values 
of flow are therefore possible, corresponding to one 
or two pump operation.
Water is delivered to Rietspruit via a stand pipe, 
located in the reservoir, the height of which is 
above the full supply level so that with the exception 
of variations in the suction head to the pumps, the 
static haad between Rietspruit and the pumps will be 
a fixed value. As a result of this, if fluctuations 
in pump performance are to he disregarded, the two 
values of flow will be fixed.
(b) A Gravity Main 36,7 km in length from Rietspruit to 
Davel Reservoir.

Fig . 1 .1 -  Lsutu R iver ■’.overnmerifc Water Scheme : Schematic ot
The flow in this section of Che (1,3 m diameter) 
pipeline ie controlled by a motor operated regulating 
valve at Davel which in addition to full closed and 
full open has three intermediate adjustable positions.
The static head will vary between 53,8 m and 62,2 m 
depending on the water level at Rietspruit. It will, 
however, be unaffected by the level at Davel since 
water is discharged into Davel via a tit and pipe equal 
in height to the maximum level.
Ci.’ flow between Rietspruit and Davel will, therefore, 
depend on the degree of opening of the valve at Davel 
and variations in the static head.
(c) A Gravity Main 54,6 to in length from Davel to Kriel 
Reservoir.
'Vhe flow in this section of the (1,3 m diameter) pipe­
line ia controlled by a motor operated regulating valve 
at Kriel which in addition to full closed and full open 
has three intermediate adjustable positions.
A stand pipe exists inside the Kriel Reservoir but as 
this will normally be below the water level, the static 
head for this section t:? the pipeline will be affected 
by the wafer level at Kriel as well as the water level 
at Davel (95,5 m to 117,48 m).
The flow between Davel and Kriel will therefore be a 
function of the degree of opening of the Kriel valve 
and variations in the static head.
Since the water level in each of the three reservoirs, 
Rietspruit, Davel and Kriel is a function of the inflow and 
outflow into each, the three sections of the scheme will 
interact with each other and the values of flow and reser­
voir level in the different sections will be interdependent.
The outflow from Kriel Reservoir will be dependent on the 
power generated by the station and the quantity of water 
consumed by Matla Power Station.
The outflow from Rietspruit and Davel respectively, will also 
be affected by ehe minor off-takes to Ermelo and Davel 
townships,
Description of Control System 
Basic Principles
The problem of controlling the water level in a reservoir 
between aet valves is a simple problem when this involves 
only one or two variables, Referring to Fig. 1.2, qQ repre­
sents the outflow of water from the reservoir which varies 
with the demand at the point of consumption. The level in 
the reservoir is allowed to vary between L and L + AL, so 
that when the level reaches the low level represented by L, 
the alve V., controlling the inflow q. is opened. Assuming 
that the inflow ia greater than the maximum value of q , the 
reservoir fills and when the level reaches L + AL, the valve 
is closed.
Fig, 1.2 - Simple Level Control
A refinement would be to provide a proportional controller so 
as to regulate the valve opening and hence the flaw in 
accordance with the outflow, thereby minimizing the fluctua­
tion in level Ah.
In the case of a reservoir supplying water to a power station 
the average outflow of water over a 24 hour period will be 
approximately proportional to the electrical load on the 
generators. The bulk of the water will be consumed in the 
power station cooling system and the remainder will be 
accounted for by boiler feed water make-up, potable water, 
water consumed by the mine which supplies the coal to the 
station and in some cases for ash transportation.
For the scheme question, Kriel Power Station Reservoir 
also supplies a vdttain amount of water to Matla Power 
Station.
1.2.2 Kriel Valve Control
For this scheme, it warn decided, in order to avoid undue 
movement of eha flow control valve at Kriel, to restrict the 
valve to four different openings, three of which are ad­
justable. These correspond Co five set values of Kriel 
Reservoir water level. Above the first set point (full 
supply level), the valve will always be directed to fully 
closed, below that set point, the valve will either be 
closed or open one step depending on whether the water level 
is falling or rising (Fig. 1.3). and so on, until below the 
fifth set point the valve will always be directed fully open.
1.2.3 Davel Valve Control
The regulating valve at Davel is alao restricted to four 
openings corresponding to five level set point:® in Davel 
Reservoir. In addition, the control system must protect 
againet the dangerous condition of Davel Reservoir being
emptied compleeely in the event of the outfluw excceuLng the 
in£lou £ov prolonged petiodu of time. Should such a siCua- 
eion arise the Kriel valve must be cUrottled, r^ardU'SS of 
the level of Muter at Kriel, to ouch an extent that the 
falling water level at Pavel is halted, 'lie i.'onstcaiot 
cannot be removed until the Qavel level u  no longer danger­
ously low.
5 Ho S »y k op-iN
Fig. 1.3 - Regulating Valve Position Control
1.2.4 Camden Pump Control
The control of the pumps at Camden is based on a combination 
of absolute water level and iraCe of change of water level at 
Rietspruit Renarvoir. The purpose or the rate of change 
control is an attempt, to anticipate the demand for water at
!
Should the rate of rise or fall not exceed the rate of change 
set points (indicating light demand), absolute level set 
points at the extremes of the operating range will initiate 
pump operation.
As with Davel Heservoir, protection is required to override 
the Davel level control and throttle off the Davel velve if 
the Rietspruit leval becomes dangerously low (e.g. due to 
failure of a pump).
Since the reservoirs at Rietspruit and Davel are very much 
smaller than the reservoir at Kriel, they will be required 
to operate as balancing reservoirs and the water level allowed 
to fluctuate over the maximum safe operating range.
Set Points
In order to control the scheme effectively the following 
parameters must be optimized
Kriel Reservoir
Kriel Regulating Valve 
Davel Reservoir
Davel Regulating Valve 
Rietspruit Reservoir
4 levels (assuming full supply 
level fixed)
3 intermediate positions
4 levers (excluding full supply
3 intermediate positions
2 Rate of Change and 2 absolute
In addition to the above since each of the reservoirs consists 
of two halves, either one of which can be out of service for 
maintenance purposes, the control system must still operate 
effectively for half reservoir operation.
,3 Tunctiona of the Control System
•f!?« main functions of the control system are tos-
(i) supply sufficient volume of water at Kriel to meet 
the continuous needs of the Power Station.
(ii) optimise throughput in order that the maximum 
quantity of wetex over and above the neeIs of Kriel 
may be transported to Matla Power Station.
(iii) maintain a minimum storage volume of writer in Kriel 
Power Station Reservoir sufficient for three days 
operation at normal electrical load factor.
(iv) supply the requirements of minor users such as 
municipalities and other consumers along the 
pipeline route.
(v) minimize pump starts/stops in order to avoid 
unnecessary strain on mechanical and electrical 
components due to mechanical shock or overheating.
(v£) economise on valve movement to avoid unnecessary
(vii) protect against maloperation.
(viii) ensure satisfactory operation with one half of any
particular reservoir out of service.
2. PROJECT RESEARCH AMD LITERATURE SURVEY
2.1 Background
The project originated from a desire to provide effective 
control for the Usutu River Scheme using simple techniques 
which had been previously employed on other Escom systems.
The background to the control system is as follows
(i) In the design of the Camden - Kriel pipeline certain 
advantages were to be gained by locating intermediate 
reservoirs at Rieespruit and Davel. +
As a result of the decision to provide full supervisory 
control the hydraulic engineers were able to specify 
extremely small reservoirs at Kietspruit and Davel 
thereby resulting in large savings in civil coete.
Davel, the smaller of the two is less than one thirtieth 
of the size of Kriel und with full outflow and zero 
inflow can be drained in approximately 2,3 hours or in 
half this time for half reservoir operation.
Rietspruit is approximately 1,5 times the capacity of 
Davel, but still very much smaller than Kriel.
These reservoirs were believed to be adequate because 
they are intended primarily for operation as balancing 
reservoirs. A small amount of storage being required to 
provide the needs of minor consumers.
Full supervisory control with adequate protection can 
operate within smaller error margins, that, is the case 
with manual control, because of its ability to operate 
quickly and to regulate the system automatically
+ lute: Davel was included as a break-pressure device thus avoiding 
the need to provide pipes at the Kriel end of the pipeline 
capable of withstanding the full static head from Rietspruit.
in order Co avoid dangerous operating conditions. 
Apart from Che reduction in civil engineering 
coats, additional benefits likely to accrue from 
incorporating supervisory control are improved 
performance and reduced maintenance costa.
(ii) Although the major purpose of the uater scheme ic
to supply water to Kriel, minor consumers along 
the route have to be allowed £or in the overall 
control scheme.
(ill) A control system based on maintaining constant
level at Kriel would have required expensive 
variable speed pumps at Camden and proportional 
control for the flow control valve: As the power
station demand is likely to remain -aostantially 
constant for prolonged periods of time the cost of 
providing variable speed pumps could not be justi­
fied and a proportional control scheme was deemed 
to be unnecessary. A much cheaper and simpler 
system of stepped ccntrol was therefore chosen, 
based on level control, as described in (1.2), but
since this would involve a large number of ad­
justable parameters it was desirable to carry out 
a study in order to obtain the optimum settings for 
these parameters for a wide range of operating 
conditions.
(tv) Since it was decided to provide only two large
fixed speed pumps at Camden, which are capable of
supplying the maximum demand, it was desirable that 
the pumps should not be operated for very light 
demand unless the reservoir at Rietspruit reached a 
low level. This ensures that once a pump is 
started it will run for the maximum period of time 
before being stopped.
In order that a study could be carried out a certain amount 
of research had to be undertaken.
Defining the Water Scheme
In defining the water shceme the following information was 
obtained
(a) All relevant design data such as
(i) Size and shape of reservoirs, their elevation 
above sea level, details of inlets, outlets 
and overspill weirs.
(ii) Size, shape and length of pipelines, pipeline 
leakage and friction.
(iii) Characteristics of pumps as obtained from 
performance tests.
(iv) Manufacturers* data on pump discharge valves,
size, type and operating time.
(v) Manufacturers' data on flow control valves,
size, type and operating time.
Much of the above data is given on Fig. 1.1
(b) Data obtained from the following Bscom test reports
(i) Report Mo. MB-R/47
"Ueutu River Water Scheme, Camden Pumping 
Station : Contract No. W5071, No. 1 Electric 
Motor Driven Pump Set, Performance Tests".
(ii) Report No. ME-R/53
"Usutu River Water Scheme, (i) Rietspruit - 
Cavel Pipeline, (ii) Davel - Kriel Pipeline, 
Performance Tests".
(iii) "Ueutu Surer Water Scheme, Davol - Kriel 
pipeline. Performance Teats on 'Krohne' 
Magnetic Flow Meter".
Details from theae reporte are given in Appendix C.
(c) Derivation of variables using information from
(i) "Fluid Mechanics for Civil Engineers" by
N.Bc Webber (publisher E. & F.N. Spon Ltd. 
1965)
Chapters 1 - Properties of Fluids
4 •• Basic Concepts of Fluid Motion
5 - Analysis of Pipe Flow
6 - Pipelines and Pipe Systems
(ii) "Fluid Mechanics" by V.L, Streeter (publisher 
Mcgraw Hill, Kogakusha 5th Ed. 1971)
Chapter 10 - Closed Conduit Flow.
This book gives some examples of programming 
in FORTRAN IV although these were not found to 
be relevant and were not used.
Refer to Appendix A.
Computer Programme
Three languages were available for programming, namely
(a) TSMP - "Sy8tem/360 Continuous System Modeling Program” 
on the IBM Computer at the University of the Witwaters-
FORTRAN - on either the IBM Computer at the University 
of the Witwatersrand or the GDC CYBER (172 fi 174) 
Computer at Escom.
(c) CSSL - "Continuous System Simulation Language" on the 
Escom CDC Computer.
Ae it was more convenient to work at Escom it was decided to 
use the CDC computer. It was also decided to use a high 
level language and CSSL was chosen since
(i) It involved less programming effort. CSSL state­
ments are compiled into FORTRAN automatically.
(ii) Unnecessary errors could be avoided by using 
tested Macro routines.
Whilst it ie relatively easy for an untrained operator to 
write programmes in CSSL it suffers from a certain amount of 
inflexibility. In one instance a particular iteration 
problem could not be solved using CSSL statements and it was 
necessary to revert to FORTRAN. Nevertheless, CSSL will 
accept subroutines written in FORTRAN which therefore adds 
greatly to its flexibility.
The compilation time for this particular programme was not 
unusually long and was of the order of 6,5 seconds. One 
difficulty experienced was that of waiting for drivers to 
load CSSL from tape, especially during peak periods.
The plotting of results left much to be desired since these 
were not plotted as smooth curves and are limited to the 
first thousand dgca points. The latter meant that in order 
to obtain plots depicting several hours of simulated time, 
''continue” statements had to be introduced resulting in a 
number of discontinuous graphs, moreover, the range of the 
ordinate was adjusted by the computer to the range of the 
plotted variable over that time segment. One compensation is 
that the range of the abscissa could be specified so that if 
desired a particular section could be magnified in time, for 
instance during valve opening or pump start up.
Survey of Literature
Digital computers have been used to analyze and produce 
mathematical models of water supply systems for more than a 
decade, k large volume of literature has been written on 
the subject, in technical journals and in texbooks. So much 
so that time does not permit a complete survey of them all.
It is intended therefore, to deal only with the salient 
points in a few of the papers and then to outline certain 
common areas between them and this particular study, making 
comparisons and observing trends that have taken place.
Hater as a Compressible Fluid
Numerous papers have been written on this subject and 
although certain of them1" deal with steady state conditions, 
by far the majority describe the simulation of transient 
effects in pipelines and in particular, water hammer^.
Water as an Incompressible Fluid - Steady State Simulation 
of Water Distribution. Networks.
In the design and analysis of water distribution systems it 
is traditional to calculate the flows and headless in various 
parts of the system by solving certain basic equations 
(derived from the principles of continuity of flow and 
pressure) using the (iterative) Hardy Cross or similar 
manual methods. Digital computer models, however, can 
perform many more iterations and hence produce a more 
accurate solution in far less time3. Furthermore, a com­
puter model is much more flexible and can be extended or 
modified to provide alternate solutions which will assist 
the hydraulics engineer to make basic design decisions or to 
formulate operating strategy. The latter will aid the 
choice of control system^ .
The most popular programmes appear to involve the Hardy 
Cross method for computing the head losses and flows
and the Hazen - Williams formula for describing the headloas 
vs flow relationship5. Other methods include the finite 
element method1*, the linear theory method and the Newton - 
Rapheon method\ The finite element method is designed to 
use either the Hazen - Williams or the Darcy - Weisbach 
formula for the flow-head loss relationship.
Dynamic Simulation of Water Distribution Networks
It would appear that many of the more recent studies have 
been based on the work of Gilman, Goodman and De Moyer® in 
the field of extended period simulation.
De Moyer® states, "Because interest is increasing in the 
automatic control of water-distribution systems, it is 
becoming more desirable to have a method for making rapid and 
accurate simulations of major system variables as a function 
of time". De Moyer proposes a macroscopic solution which 
deals only with major heads and flows associated with pumps 
and tanks in a distribution network rather than calculate all 
pressures and flows. He claims that the drawbacks associated 
with a complete network analysis for the purpose of control 
are that the solution time is excessive, certain inaccuracies 
result from the fact that consumptions must of necessity be 
concentrated into take-offs at the "nodes" of the simulated 
network and that pipe flow coefficients just be periodically 
measured or assumed. The macroscopic model determines em­
pirical relations between variables derived from a statis­
tical analysis of actual operating data. A model validation 
procedure is carried out in which tank flow is integrated to 
obtain tank depth at half hourly (simulated time) intervals 
.nd the error between simulated and measured values cal­
culated. Optimization for least cost control can be carried 
out using dynamic programming techniques.
Kao and Breo*® have produced a model for extended period 
simulation of water systems over a period of 24 hr - 48 hr 
under changing demand patterns. Unlike De Moyer's
macroscopic model, this model can simulate a water dis­
tribution network of up to 1 500 nodes. The paper describes 
the application of efficient sparsity oriented programming 
techniques to provide a static solution and an integration 
scheme to link numerous static solutions to represent simu­
lation of a system over an extended period of time.
2.4.4 Total Mater Supply Control
A further development has been described in a paper by 
Hasegawa, Shimauchi and others** for the water supply 
system of Yokohama, The system includes :
(a) A model for predicting daily inflow of raw water into 
the system depending on daily end seasonal rainfall.
(b) A modal for predicting the demand from the system.
(c) A model for operating the water supply system <n 
accordance with the predicted water demand and the 
water available.
2.4.5 Major Water Transportation Systems
Unlike distribution networks for municipal '*ater supply 
schemes there appear to be very few papers on water trans­
portation systems. The probable reason for this is two-
(a) The steady state maximum flow conditions of such 
systems can be designed with a reasonable degree of 
accuracy, directly, without resorting to tedious 
iteration routines.
Because there are fewer unknowns, design errors are 
less likely to occur (e.g. oversizing pipes, etc.)
(b) The demand is normally reasonably steady since trans­
portation is from a large dam or lake to a large reaer-
As a result of the above, it would seem reasonable that the 
need for computer simulation is not as great as with dis­
tribution networks.
However, because of the advantages of automatic control 
systems in obtaining improved performance at less cost, 
computer analysis of such systems is likely to be more 
common in the future. Furthermore, computer models can be 
used to determine more efficient operating conditions by 
optimizing for such values as i
(i) Maximizing performance - hence reducing the desire
to oversize pumps and other equipment thereby 
making most efficient use of the plant.
(ii) Minimizing operating costs - by operating the
plant in such a way as to maintain the supply with 
least expenditure of energy - Alternatively, 
replenishing reservoirs at off peak periods when 
electricity tarriffs are low (not applicable in 
South Africa).
(iii) Maximizing plant life - reducing "wear and tear"
on equipment in order to postpone replacement of 
plant and reduce maintenance.
In addition to the above, large water transportation pipe­
lines are often the major "artery" to cities and industrial 
centres. Continuity of supply is therefore of great importance
so that constraints may be imposed on the optimum solution 
because of the need for adequate protection of the water 
scheme and a high degree of reliability for the control 
system.
A paper on the National Water Carrier of Israel by Shamir 
and Damelin^, describes an optimum policy for operating 
that scheme. Pumping ©petitions are restricted to certain 
hours each day by the electricity supply authority and 
additional constraints ate imposed by safety considerations. 
The simulation of tb-; se.Veme is achieved by collecting 
statistical da:a of actual flow end levels in the system.
The syotem comprises pipes, canals, re-3~voirs and pumping 
stations.
.4.6 Comments and Comparisons
In this study water has been regarded as an incompressible 
fluid. As mentioned, studies which consider water as a 
compressible fluid are outside the scope of this project. 
Studies of water hammer^ were included in the design of 
the Usutu water scheme in order to ensure that the pipeline 
could withstand the maximum pressure likely to be encountered 
in practice. Such transient effects however are not 
relevant to this particular project because they would 
not be observable on the time scale considered here.
Papers on water distribution networks are only relevant 
to this study where the mathematics is also applicable to 
single pipeline installations. The most widely used 
equation to describe the flow vs headless relationship 
. for distribution networks is the Hazen - Williams formula.
Q = 0,649Ch AR0'63 S0'54 ..................... (2.1)
in which Cy is the Hazen - Williams roughness coefficient,
S is the slope of the energy line hf/L, R is the hydraulic 
radius. C^ can bo obtained fox a pipe of a particular 
material from tables.
According to Jeppson^ the most fundamentally sound method 
for computing the friction headlosses is by means of the 
Darcy - We bach formula
in which X, is a dimensionleee friction factor and is 
constant if turbulent flow is assumed, D is the pipe dia­
meter, L is the length of the pipe, v is the average velo­
city of flow and g ia the acceleration of gravity. For 
Usutu a value of X, (which aleo included minor losses) 
was calculated from actual performance tests.
The Mewt-on - Raphson iteration technique is considered to 
be superior ce the Hardy - Cross method for computer 
applications. Jeppson^ states if quadratic convergence
occurs, fewer iterations are needed to obtain a solution 
with a given precision". For the Ueutu model the Newton - 
Raphson method was only used to obtain the relationship 
be' -en purip flow and discharge val'. opening (or closing) 
under varying pumping head during pump starting and stopping 
operations.
The papers which describe time simulated mot’els mostly use 
statistical Mt-hods. Changes in flow due to pump operation 
are simulated by discrete changes. The Usutu model on the 
other hand evaluates a continuous relationship between 
time dependent variables and pump and valve operations are 
simulated as closely as possible so that the flow changes 
gradually, thereby giving a truer resemblance to the 
actual system.
THEORETICAL DESCRIPTION OF MODEL
Purpose of Model
The purpose of this particular work is to produce a computer
model which
(i) Simulates the Camden - Kriel part of the Uautu
River Water Scheme by using known physical data 
and the laws of fluid mechanics to derive mathe­
matically, variable quantities such as the flows 
in different pipeline sections and the levels at 
various reservoirs for different operating condi­
tions at any particular instant in time.
(ii) Simulates the automatic control system by means of
a aeries of logical statements, so that from a 
knowledge of the simulated flows and levels de­
cisions can be made such as whether to start or 
stop pumps, open or close flow control valves (and 
by how much).
(iii) Operates over a desired period of simulated time 
such as an hour, a day, a week, etc., so that the 
performance of the control system can be assessed.
Whilst it is difficult to predict the demand for 
water over a short period of time (such as one 
hour), the average demand over a longer period 
(such as one day) can be predicted with a fair 
degree of accuracy and therefore valuable opera­
ting data can be obtained.
(iv) Enables adjustable parameters to be set at their 
optimum values in order to minimize the number of 
pump starts/stops whilst maintaining the water 
level at Kriel Reservoir within predetermined 
limits.
The model could be used to optimize other operating con­
ditions or to predict the operating costs of the system 
although that is not included in the scope of this project.
Assumptions Made
In order to simplify the mathematics the following assump­
tions have been made
(1) Water is at incompressible fluid. Tnis asuumes that 
the water column in the pipeline behavep as a rigid 
rod so that any cha.ige brought about at one end of 
the pipeline is immediately felt at the other to the 
same extent. Zn actual fi-' water is elastic (as is 
the pipeline) and any sudden changes in pressure at 
one end of the pipeline will not iasnediately be felt 
at the other due to the time constants of the system. 
It can be shown, however, that if the acceleration 
and deceleration of the water column is at a uniform 
rate which is less than a certain critical value the 
surge pressure is very small a-a may be neglected 
(Ref. 13 pages 132 - 134).
In designing the scheme, the hydraulic engineers 
specified the following:-
(a) Waive i.. ■ m operating times so that the rate
of change it velocity of water is less than the 
critical value.
(b) Although pump motors are direct-on-line started, 
they are started .ifiainot closed discharge valves, 
The valve is then opened gradually when the pump 
is operating at full pressure (head).
(c) When a pump is stopped, its discharge valve is 
first closed before the motor is stopped,
(The above features have been incorporated in the 
computer model).
Certain conditions can occur, such as electric power 
failure which can give rise to surging. Extensive 
studies were conducted by the hydraulic engineers in 
the design of the system to ensure that the installation 
would be sufficiently protected to withstand such 
pressure surges,
(2) Any transients which do occur may be neglected. This 
is justified since such effects will affect the 
results by a negligible amount over the time periods 
considered.
(3) Climatic variations have been neglected - i.e. the 
change in volume of a reservoir due to evaporation or 
due to rainfall is negligible in comparison with the 
change in volume due to operating flow values.
(4) Control valves move linearly from their initial 
position co final position and return via the same 
path. This is justified since the valves are of a 
high quality and the hysteresis in the links is 
minimal.
(5) Pipeline leakage is negligible in comparison to the 
normal flow through the pipeline. This has been 
borne out by tests conducted on the pipeline.
(6) Since transport delays have been assumed to be zero 
it follows that inertial effects may be neglected.
(7) Turbulent, flow has been assumed throughout. Hence 
the friction factor, X, for a particular pipeline is 
constant. (X will actually vary (See Table 4.1) but 
this variation is small and can be neglected).
Calculation of Variables
An exasiinaeion of Fig. i.l will show that the principal
variables involved in the analysis are s-
Qj - the flow in the Camden - Rietspruit pipeline
- the water level of Rietapruit Reservoir
Qg - the flow in the Rietapruit - Davel pipeline
Hp - the water level at Davel
Qg - the flow in the Davel - Kriel pipeline
Hg - the water level .'t Kriel
The flow Qk from Kriel Reservoir, which represents the 
demand, is obviously fundamental but cannot be controlled by 
the system. Similarly the flows QR and Q^ , from Rietspruit 
to Ennelo township and Davel to Davel township respectively, 
which are of minor significance cannot be controlled.
As stated previously Che controlled variables are inter­
dependent,
3.3.1 Revervoir level
The change in water level over a period of time At 
at Rietspruit is a function of the inflow, and the 
outflow, Qg and QR, from Rietspruit.
Hence, * f (Qv  <J2, QR) At ................. (3.1)
Neglecting minor effects (see Assumptions Made) the change 
in water level, aHj, at Rietspruit over a period of time 
from to to tj (Appendix A) is
", - .....
where AgR is the surface area of water in Rietspruit Reservoir.
Similar expressions can be obtained for the change in 
water level at Davel and Kriel
where and ASR represent the surface area of water 
in Davel Reaervoir and Kriel Reservoir respectively.
Since Kriel Reservoir is not cylindrical in shape, AgK 
is not a constant value and varies with the depth of 
water in the reservoir. An expression for AgK is 
derived in Appendix B.
The above expression for equation (3.2) is written in 
CSSL language as
HRDOT = (q1 - q2 - Qr)/ASR
HR = INTEG (HRDOT, HRO)
where HRO is the initial value of HR at time T = t .
Similar expressions have been derived for the level H^  
at Davel anu H^ at Kriel.
(3.4)
3.3.2 Single pump flow
As stated in 1.1(a) above the inflow, QJf to Rietsprait 
can be either of two values, the flow produced by one 
Camden pump operating Qc2, or two pumpo (QCI + Q^).
The flow is dependent on ehe pumping head, the friction
of the Camden - Rietspruit pipeline and the static
head between Rietspruit and Camden Reservoies (See Fig. 1,1).
A characteristic of head versus flow for the Camden 
pumps was obtained from pump performance tests and is 
given in Appendix C.
This characteristic was included in the computer pro­
gramme ss a table, P1TAB,
From the laws of fluid mechanics (Appendix A) an ex­
pression can be obtained for the pipeline friction
X, L.
the pipeline friction factor was calculated from 
actual pump performance tests and the valve friction 
factor, Z, was obtained from manufacturer’s curves 
(Appendix B ), The valve friction factor is a function 
of the degree of opening of the valve. The va^ve 
characteristic was fed into the computer as a Cable,
Because of the titand pipe inlet to Rietspruit Reservoir, 
the static head between Rietspruit and Camden is de­
pendent only upon variations in water level at Casrden 
Reservoir, As computation of the water level at 
Camden is beyond the scope <'f this study and since it 
is likely to be small, a fixed value for static head 
was used. This was obtained from site performance 
tests (Report ME - R//i7 - Appendix C),
When a pump in started, full pumping head is developed
against a closed discharge valve. Th-- discharge valve is 
then opened slowly at a steady rate. Ae the valve opens the 
valve friction factor steadily decreases from an infinite 
value with the valve fully closed. Water begins to flow and 
increases as the valve friction is reduced.
Whilst the flow increases, the pumping head is reduced until 
an equilibrium is reached, known as the pump duty point. At 
this point the difference between the pumping head and the 
static head is just sufficient to sustain the flow and is 
equal to the friction head.
If the pumping head is denoted by and the static head by
.(3.6)
and substituting for the expression above, (3.5), for h^
H.. - H. = X1 L1 VP1 + 5 VT  .............(3.7)
2g D-. 2g
Substituting for the pipeline velocity and the valve 
throat velocity vp this can be written as;-
_ , h J l   o.«)
1 Kl.l * h.2*' ^  ......................... (3.7)
where t - 16 1^ L1
" - S i '
Thus, since the static head, is constant, the flow ia a 
function of the pumping head and the valve opening. Note 
that HC1 in turn is a function of 0j«
The problem was solved on the computer by iterating for 
using the Newton - Raphson method, from an initial value for 
of zero (Appendix D).
Dual Pump Flow
To simulate the Clov from two pumpa, two more tables P2TAB 
and V2TAB, were added to the computer programme, the charac­
teristics of the second pump and its discharge valve.
When a second pump is started and its flow Qc2. gradually 
increases, the pipeline friction head will increase. As a 
result of this, the balance between the head generated by the 
first pump end its flow will be disturbed, causing the head 
of that pump to increase and its contribution to the total 
flow to decrease slightly.
This trend will continue until the discharge valve of the 
second pump is fully open and the first pump will be opera­
ting at a new duty point.
Again the Newton - Raphson iteration method was use. CSSL 
was found to ba inadequate for this calculation and the 
problem was solved by programming in FORTRAN (using nested DO 
loops).
As a fixed value was used for the static head And therefore 
the flow was not dependent on other variableo in the system, 
except the arbitrary set points of Rietspruit level HR and 
HRDOT used in the control system, the results of this part of 
the study were us»d in tabulated form in the main programme 
in order to economze on computer time. Thus VC1TAB and
VC2TAI5 were compiled to plot valve opening versus flow.
VC1TAB represents valve 1 plus valve 2 poBitlon in order to 
effect the changes in pump 1 flow, Q^, when pusp 2 is 
operating.
Flow in a gravity pipeline
For a gravity pipeline, Cic-w takes place by virtue of the 
potential energy of the water in the reservoir at the higher 
elevation (and hence its static head). The flow is controlled 
by She pipeline friction which is regulated by tt. degree of 
opening c£ the control valve. The static head is not constant 
and varies with the level of water in the higher reservoir.
The friction bead ia the same an the expression (3.4.4) used 
previously for a rising main, 'fhue for tue Riotspruit - 
Havel pipeline
h£2 ■* H V g Z  + h  VTD2   ................ (3.11)
2g Dp2 2g
and is equal to the static head
*2 * \ a h£2 .....................................«. 12)





HUM2 = 2ETADR A (H?. + HR)
DEK2 = (K21 ft ZETADR) + K22
Q2 ^ SQRI (HW.2/DEN2)
ZETADR is the reciprocal o£ the friction factor, , for 
the Dwcl valve. The reciprocal was used since the 
computer cannot accept an infinite value of seta.
ZETADR is obtained :>om the characteristic for the Davel 
valve and is written in the programme as
ZETADR - VDTAB (VD)
where VD is the percentage opening of the valve.
A similar expression to the above wau used to obtain flow 
in the Davel - Kriel pipeline.
Valve Opening
Valve movement was simulated by a positive or negative 
ramp which can be halted at the desired position.
Initially, various CSSL functions were tried unsuccessfully 
to obtain the desired results. Eventually the best 
results were obtained by using a straight integrator with 
a +1.0, 0.0, -1.0 direction multiplier to obtain valve 
opening movement, halt and valve closing movement respectively.
To test if the valve had reached its deaired position, 
conditional statements were uiX'd to set the value of toe 
multiplier. As the computer could not calculate exactly 
the. desired position a tolerance band was set. Thus if L'Bli
is the desited opening for the Davet valve :ind 0,005% uhe 
tolerance:-
DBDM = JBD -O.COS
tZBDP » UBD +0.005
IF ((VDACTL.GE,UKJM) sBd (VDACTL.LE.UBDP)) DIRD » 0.0 
IF (VDACTL.Lt.UBDM"' DIRD = i.O 
IF (VDjUm.GT.UBDP) DIRD = -1.0 
VDDOI = DIRD it VDV 
VD « ISTEG (VDOT, TOO)
Wliere VBACfL repreeenta actual valve f  ntion
VDV " valve velocity
VDO " valve initial position
Logic operators are defvned aa
.LT. lass than
.LB. leas than or equal to
.0$, greater than
,GE, greater than or equal to
Therefore if the desired valve opening is, for example, 252, 
UBD ie set to 25% And the valve will then open or does 
until it reaches Che 25% position.
Control System
As explained in 1.2 above, the control scheme measures the 
water level tn a particular reservoir and compares the value 
obtained with tha ipropriate set points. If a set point 
hae been exceeded positively or negatively) it will then 
take appropriate action.
The control system is represented in the computer programme 
by a (H«6,..r of conditional Btatemeafco. These test the 
computed water level and then allocate a number to if which 
corresponds to a level band between too sat points. This 
number if! also equivalent (in the case of the gravity 
pipelines) to a particular deaired valve opening. It is 
decremented by one for a falling water level.
The control statements for the Camden pumps, Davj’ and Kriel
valves are given in Appendix E.
The Comp1etc Simulation
The programe remprises the following structure statements
INITIAL - Oef^ 'nee a block of stateuieafts that are to be
executed ou'y at the beginning of a simulation 
irun - these supply the complete data; parameters, 
constants and initial conditions required by 
the dynamic block.
DYNAMIC - Introduces statement specifying terminating
condition.
DERIVATIVE - Defines those statements which deecriht the 
dynamic system for each of the thr a pipeline 
sections.
TERMINAL - Not used.
VERIFICATION OF MODEL
Preface
In describing the model, expressions were derived .for:
- the variation in reservoir water level over a period of 
time evaluated from tiu. change in volume of the particular 
reservoir (obtained from inflow and outflow).
- the flow in a section of the pipeline from the static 
head, pipeline friction and valve opening (or pumps opera-
Tha hydraulic model is built up from these expressions. For
convenience the model is divided into three parte correspon­
ding to:-
(a) Camden - Rietspruit pipeline
(b) Rietspruit - Davel pipeline
(c) Davel - Kriel pipeline
The control system model is designed to take the following
action.
(a.i) Compare the simulated level and rate of change of
level at Rietspruit against chosen set points and 
evaluate how many pumps show:. . ba operating at 
Camden.
(a.11) Compare the actual nuoibo.r of pumps operating at
Camden w.’th the desired number and, if these are 
not the same, dart or stop pumps to echo "ho 
desired result and licnuo regulate the flow in the 
Camden - Rietspruit pipeline.
(b.i) Concave the simulated level at Dsvel against
chosen aet points and evaluate the desired poaition
of the Davel regulating valve.
(b.ii) Compare the acv.ual and desired posi ;' .n of the
Davel valve and command the valve to open or close 
to the desired position and hence regulate the 
flow in the Rietspruit - Davel pipeline.
(c.l) Compare the simulate.} -ev#1! .it Kriel against
chosen set points and evaluate the desired position
of the Kriel regulating valve.
(c.ii) Compare the actual and desired position of the
Kriel valve and command the valve to open or 
close to the desired position and hence regulate 
the flew in the Davel - Kriel pipeline.
The control system will therefore act to replenish the water 
removed from e particular reservoir by regulating the valves 
and pumps under its command. If the outflow is high it is 
required to increase the inflow, or if the outflow is low to 
curtail the inflow. The manner in which this is carried out 
will be dA scuaaed  in the following chapter on control 
strategies.
In practice, action will be initiated by the demand at Kriel 
end Matlo power stations, the outflow from Kriel Reservoir 
will be compensated 1>> fling the inlet valve to Kriel and 
this in turn will cause the resulting inflow to Kriel to 
draw down the level at Davel. To counteract this, the Davel 
valve will be opened and wfor will flow into Davel from 
Rietspruit which will in turn cause io water level at 
Rietspruit to be reduced and eventually one or two pumps at 
Camden to be started.
In order to verify tito model, it will only be necessary to 
:.’'ow Li.afc the simui. id flow rates from the model are the
same as those of the actual installation for different 
valve and pump configurations. This follows because the 
simulated flow (for a particular valve opening or number 
of pumps running) is calculated from the characteristics 
of the scheme - that is, all the values contained in 
equations (3.8) and (3.13) must be correct.
Trial simulation runs ware conducted to check the validity 
of the mathematics used in the model. The results were 
then compared with actual values obtained from site 
performance tests.
Adjustable Parameters
Initially values were used for the adjustable set points 
which could be regarded only as "intelligent guesses".
The intermediate values for the valves at Davel and Ktiel 
were given arbitrary values of 25%, 50% and 75% opening.
The reservoir level settings were those which it was 
intended to use for the purpose of commissioning and 
testing the auto control software for the actual control 
system. As a result these values tended to be conservative.
Before attempting to undertake any optimization of these 
settings it was necessary to check that the computer 
model was a true simulation of the actual system.
Trial Simulation Run
In the first successful run, the Kriel reservoir level 
was set low (I ,8 m) in order to call for a fully open 
valve at Kriel and hence actuate the entire system. At 
the start both Davel and Kriel valves were fully closed, 
Rietspruit and Davel reservoirs were set to fall level 
and the number of pumps running was set to zero. The 
run was carried out over a aimulated time of 30 000 
seconds - i.e. approximately 8 hours 20 minutes.
In the simulation the £otlowing sequence of events occurred:-
1st 10 000 Seconds (2 hours 47 minutes)
(i) With a low water level at Kriel, the Kriel flow 
control (regulating) valve was called upon to open
(ii) With a fully open valve at Kriel, the flow between 
Davel and Kriel increased to its maximum value.
(iii) Since the Davel valve was clooed and the output 
from Davel was the maximum, the water level at 
Davel dropped rapidly. As the water level fell 
below the various set points, the Davel valve was 
opened progressively in steps until it was fully
Civ) Maximum flow was established between Rietspruit
and Davel.
(v) The Rietspruit reservoir level dropped rapidly and
two pumps were started at Camden on reaching the 
low set point (Rate of change control not set).
At this stage (10 000 seconds) there was maximum flow in all
three pipelines, the Kriel reservoir was filling up, the
level at Davel was still dropping slowly and the level at
Rietspruit was rising.
2nd 10 000 Seconds (5 hours 33 minutes)
(vi) The rising level at Kriel caused the valve to
close to 75% then 50% and 25% nrogreosively as the 
water level rose above the set points.
(vii) As the flow from Davel to Kriel decreased, the
water level at Davel started to rise and the Davel
valve closed progressively to 75%, 50% and 25%
(viii) As a result of throttling the Davel valve, the 
Rietspruit -Davel flow decreased and caused the 
water level at Rietspruit to rise at an even 
faster rate. This caused first one and then two 
Camden pumps to be stopped.
(xx) With no inflow to Rietspruit and the Davel valve
still 25% open the water level at Rietspruit 
started falling.
At the end of 20 000 seconds the flow in the Itietepruit - 
Davel - Kriel pipelines had fallen to approximately "quarter 
of the full value" and the flow from Camden to Rietspruit 
was zero, Kriel reservoir was still filling slowly as was 
Davel, and Rietspruit level was dropping olowly.
3rd 10 000 Seconds (8 hours 20 minutes)
(x) Davel water level reached full supply and closed 
the Davel valve completely.
(xi) With no flow from Rietsprui Davel, the Riet­
spruit water level stopped falling and held at a 
steady value.
(xii) As the Kriel valve- was still 25% open the Davel 
water level started to fall.
(xiii) Kriel reservoir attained full level, the Kriel 
valve was fully closed and the Davel level hell 
steady.
After 8 hours 20 minutes, Kriel reservoir was full, Riet­
spruit and Davel were below full level (but not low enough 
to initiate action) and the system had attained equilibrium.
The values of flow obtained from the computer ire given in 
table 4.1, below.
Table 4.1
Comparison of Pipeline Flow obtained from 





As can be seen the maximum flow values are identical to those 
obtained from volumetric testa (corrected). This is hardly 
surprising since ths value of friction fncMr for each pipe­
line section, which was used i.n the compu rogramme was 
cuJctilated from tcse results. Ths actual i „s measured on 
nest ware corrected for differences in head. The large 
cr.-rection for the Camden pumps was due to the fact that at 
the time of Che testa, the Camden Reservoir was not in 
ao'victt and the pump suction was from Camden Power Station 
Reservoir< This accounted for a difference in static head of 
#.bout 3,3 metres. The correction in the Rietsptuit - Davel 
flow was necessary because the spare valve waa installed at 
Davel at the time of the tests and tins valve had a slightly 
higher value of friction factor than the correct valve. The 
discrepancy in fhe Davel - Kriel flow iu accounted for 
because of different values for reservoir water level.
The values of flow with the Kriel valve partially open show 
reasonable agreement with the simulated values from the 
computer. Corrected figures were not evaluated since the 
readings for these partial valve positions from performance 
tests were not considered to be sufficiently accurate". A 
small percentage error in valve position at small openings 
will have a significant effect on the valve friction factor 
and this predominates at low values of flow. The error, 
however, remains small, indicating that there is no transi­
tion from turbulent to laminar flow. The decision to assume 
turbulent flow throughout is therefore justified. In ad­
dition the decision to use a constant value of friction 
factor, > , on the assumption of turbulent flow can also be 
considered justified, thereby providing some verification of 
the Darcy-Weisbach formula.
In general, therefore, from the trial run ueecribed above, 
the model behaved in a manner which could be expected of the 
actual installation and gave results which, where these could 
be checked, closely agreed with the real values obtained.
The mathematical expressions derived in Chapter 3, have been 
proved to be correct.
The values of flow with the Kriel valve partially open show 
reasonable agreement with the simulated values from the 
computer. Corrected figures were not evaluated since the 
readings for these partial valve positions from performance 
tests were not considered to be sufficiently accurate'. A 
small percentage error in valve position at small openings 
will have a significant effect on the valve friction factor 
and this predominates at low values of flow. The error, 
however, remains small, indicating that there is no transi­
tion from turbulent to laminar flow. The decision to assume 
turbulent flow throughout is therefore justified. In ad­
dition the decision to use a constant value of friction 
iactor, X , on the assumption of turbulent flow can also be 
considered justified, thereby providing some verification of 
the Darcy-Weisbach formula.
In general, therefore, from the trial run described above, 
the model behaved in a manner which could be expected of the 
actual installation and gave results which, where these could 
be checked, closely agreed with the real values obtained.
The mathematical expressions derived in Chapter 3, have been 
proved to be correct.
5. CONTROL STATEGIES
5.1 Methods of Control
There are three basic methods which can be employed to 
control a water system t-
(1) Continuous Flow Control
(2) On/Off Flow Control
(3) A combination of (1) and (2)
5.1.1 Continuous Flow Control (Constant Reservoir Level)
This type of control involves regulating reservoir inflow so 
that it approximates to the outflow. Whilst this has the 
advantage of maintaining the reservoir level substantially 
constant and hence minimizes reservoir size it involves 
expensive equipment such as variable speed pumps (since to 
vary the flow by throttling the pump discharge valves is 
wasteful of energy) and flow meters at the inlet and outlet 
of 'Bfluh reservoir (Fig 5.1). In addition a proportional 





Fig. 5.1 - Continuous Flow Control - based on 
Flow Measurement
A cheaper alternative is to monitor reservoir level rather 
than flow (Fig. 5.2). WhUst leas accurate chan the above 
method it nevertheless requires a proportional controller and 
variable speed pumps.
ylTRROn
Fig. 5.2 - Continuous Flow Control - based 
Reservoir Water Level Measurement
Apart from the need to provide variable speed pumps a further 
disadvantage of this type of control is that ia is likely to 
incur almost continuous valve movement. A factor which would 
contribute to greater wear of the moving parts of the valve. 
As there is no requirement to keep the reservoir levels 
constant tor Usutu this method hao rot been pursued.
5.1.2 On/Off Flow Control (Fig. 5.3)
In this case wide fluctuations in reservoir level are per­
mitted to take place within the physical limitations of the 
size of the reservoir. A low set level set point is used to 
initiate the inlet valve full open and a high level set point 
is used to initiate valve closed. The average inlet flow 
over a prolonged period equals the average outflow over the 
same period. Any imbalance in the actual values of inflow 
and outflow is taken up by the reservoir.
Whilst this system is a cheaper form of control, and involves 
less valve movement than (5.1.1) it results in inefficient 
use cf expensive reservoirs, which would, for effective 
control, probably need to be larger than would otherwise be 




Fig, 5.3 - Oa/Qff Flow Control
5.1.3 Combination Control
A compromise which ma‘..ee better use o. -eservoirs and does 
not involve either the expense of confiauoue flow adjustment 
or unnecessarily large and expensive reservoirs and excessive 
pump operation is to employ a combination of the two methods 
of control, ftuch a method is described in 1,2 as applied to 
the Usutu Scheme. The problem now becomes one of setting 
the system parameters to give the required performance.
5.2 Definition of Objectives
Whilst the primary objective is to provide an adequate
supply of water at Kriel to meef the demand the following 
considerations must be borne in mind
(a) Kriel Reservoir
(i) The purpose of Krie3 Reservoir is to provide 
a sufficient store of water to maintain the
power st&wort operating for three tfays at a 
normal load factor (85%) when there is no 
inflow of raw water into the reservoir. That 
is, it acta as an insurance against failure of 
the water supply. Three days is considered 
ample time to ove-come the worst problems that 
can occur.
The water level in the reservoir should 
therefore be maintained reasonably constant at 
its full value.
(ii) The power station at Kriel is at a slightly 
higher elevation than the reservoir. When the 
water in the reservoir is at a high
level (above 1,5 m below full level) water 
will flow by gravity into the station.
However, if the reservoir water level is low, 
water has to be pumped up to the station.
Keeping the reservoir reasonably full will 
thus conserve energy (and cost) by avoiding 
unnecrssary pumping.
(iii) A pipeline connects Kriel Reservoir to Matla 
Power Station Reservoir so that any water in 
excess of Kriul's requirements can be pumped 
to Matla, To lafeguard Kriel Power Station, 
however, theee pumps can only be operated if 
the water level in the Kriel Reservoir is 
above a certain level (suggested level 1 o25 m - 
i.e. 1,5 metres below Kriel full level).
Camden Pumps
The squirrel cage motors which drive the Camden pump 
seta have been specified for not more than six d-’rect- 
on-line starts in any 24 hour period. However in order 
to ensure longer life, greater reliability and reduced
maintenance, the number of starts must be kept to a 
minimum and unnecessary starts avoided.
(c) Rietspiuit and Davel Reservoirs
Their is no requirement to keep the reservoirs at 
Rietspiuit and Davel full or even at constant level. To 
do so would in any case, mean limiting the flow of water 
to Kriel. This is because both Rietspruit and Davel 
hold only a fraction of the water contained in Kriel 
reservoir and therefore could not sustain the flow to 
Kriel by themselves. Evan a relatively small change 
(approximately 250 b s b) in the level at Kriel Reservoir 
(at full supply level) represents a volume of water 
which is comparable to the ertire capacity of Davel 
Reservoir. Hence, whilst the main purpose of Rietspruit 
and Davel reservoirs is to provide minor supplies to 
townships, and relieve the pipeline pressure, an im­
portant function is '-.u b-.iance the through flow.
The water level at each should thsrefire be allowed to
vary over the widest possible range vis-;, . tv v
operation.
Operating limits are dictated by i-
(i) The reservoirs should not overflow since
although this is not particularly dangerous, 
it is wasteful of water and energy.
(ii) The reservoirs should not be emptied. This 
would lead to air being drawn into the outlet 
pipes and could cause extensive damage, even 
rupture of the pipeline. To protect against 
this, the water level must at all times be 
maintained above the level of the outlet pipe.
(d) Control Valves
Although the control valves will adjust to different 
positions, excessive movement should be avoided in order 
to minimize wear of the moving parts.
A constraint is that the Krial valve should not operate 
for prolonged periods in the region of 90 - 95% opening 
but should be opened fully for values approaching full
(e) Maintenance
Whilst normal operation of the system is with both 
halves of the reservoirs at Rietspruit, Davel and Kriel 
in operation, from time to time it will be necessary to 
remove from service half of any of the reservoirs for 
repairs and routine maintenance. Whilst this may occur 
when one of the turbo-alternators is being serviced, the 
water scheme must still be capable of transporting the 
maximum quantity of water without affecting the safety 
of operation.
5.3 Summary of Objectives
(1) The normal operating range of water level at Kriel 
Reservoir should be as small as practicable.
(2) Once a pump is started it should be run for the maximum 
possible period of time and once stopped should remain 
in that condition for as long as possible.
(3) The normal operating range of water level at Rietspruit 
and Davel should be as large as practicable.
(4) An attempt should be made to economize on movement of 
flow control valves.
(5) The system oust be constrained by safety interlocks at 
Rietspruit and Davel which if necessary will override 
all other controls.
(6) The system should be tested for half reservoir operation.
Control Strategy
In deciding on a control strategy to achieve the objectives 
stated in (5,3) above it was decided that a solution could be 
found through reasoned argument and computer simulation.
Whilst there are well known techniques for optimizing control 
systems and it would have been an interesting exercise to 
employ one of them to solve this particular problem, the 
additional time involved was considered to te a major obstacle 
especially since results are required urgently to set up the 
actual system.
Consideration will first be given to boundary conditions 
(i.e. operating range of water level) and then to inter­
mediate settings within those boundaries.
Kriel Reservoir - Range of Level Lvt Points
In accordance with (5.3) above the operating range of level 
which is monitored for control purposes shall comprise not 
greater than, 10%, say, of the total volume of Kriel Reser­
voir and be preferably in the region of 5%.
The upper operating limit shall be defined as the Pull Supply 
level (FSL) corresponding to inlet (regulating) valve fully 
closed (VK = OK) and the lower operating limit shall be 
defined as the Low Supply Level (LSL) corresponding to inlet 
valve fully open (VR Q 100%).
From figure 5.4, which depicts the relationship betweer 
percentage volume and level (metres depth). Full Supply Level 
is shown as 13,78 metres. 5% and 10% Volume changes re­
present an operating range of 0,44 metres and 0,9 metres 
respectively belt. • FSL. Thus if equal steps are employed 
(since level vs volume is approjcimrr ely linear over a small 
range) for the four values of inlet valve opening this would 
mean level settings at approximately 100 mm intervals for a
1Fig, 5,4 - Kriel Reservoir - Depth versus Volume
5% range and 200 mm steps for a 10% range. The minimum size 
step that is practicable is considered to be 50 mm. An? 
settings smaller that this are likely to cause maloperation 
due to wave action in the stilling chamber
Camden Pump Operation
(a) Single Pump Operation - the shortest period of time
that one pump will be required to operate iu in filling 
Rietspruit Reservoir from an initially low level when 
there is no outflow from Rietspruit (Fig. 5.5). The
Fig. 5.5 - Filling Rietspruit Reservoir fur Zero Outflow
operating range of level at Rietspruit must therefor* be 
as large as possible so that when the demand at Kriel is 
less than one pump flow, the maximum elm is taken to 
draw down the level to the low operating setpoint at 
which the pump is started and the maximum possible time 
is required to replenish the reservoir (Fig. 5.6).
Fir. 5.6 •• Effect of Rietspruit Reservoir Operntiug 
Range on Pump Duty Cycles
Under normal operating conditions there will always be 
a demand at Kriel and pimp operation and standstill time 
will be greater than the minimum. The longest operating 
time will be when the floe in the Rietspruit -Davel and 
Davel - Kriel pipelines is equivalent to that of one 
pump (Fig. 5.7 vii) and the longest standstill time
(I) K M  OUTFLOW Q,o0,0- Q,o0,0 TIME BETWEEN PUMP STARTS .
CYCLIC TIME APPROX Zthr
(III) OUTFLOW 0,= \  OF ONE OUMP FLOW (0,40m11
(hr) OUTFLOW 0,» OF
•LOCUS OF PUMP
(1,21m*hi>,- CTCUC TIME APPROX. Hhro(f) OUTFLOW 0,
I.AW/a) - CYCLIC TIME "PfiOX. Mhrix.
(vll) cum m  0 ,=  iOFONE PWP n o w  0 ,6 lm * W  -  c y a i c  TIME WFINI1E
Fis- 5.7 - Rietepruit Reservoir - Single Pmny Operation 
Effect of Varying Outflow on Pump Duty Cycle 
(Combined Reoervoit Operation - Surface Area 
2 x 1679,3 m2)
Will be when the flow is zero and Rietspruit Reservoir 
is full (Fig. 5.7 i). Figure 5.7 (iv) illustrates Chat 
the mit.unw v imp cycHc time (pump running and stopped 
time) occurs when the pipeline flsw out of Rietepruit is 
equivalent to half of one pump flnw=
(b) Dual Pump Operation - From Table 4.1 the maximum pos­
sible flow into Kriel Reservoir is 2,17 cumecs. Whilst 
this excecds the flow from one Camden pump (1,61 cumecs) 
it is considerably less than the 2,60 cumecs, for dual 
pump operation. With two pumps operating there will 
always be a net gain of weter at Rietspruit regardless 
of the demand. The second pump should therefore only 
operate when Rietspruit Reservoir level is low and the 
flow out of Kriel Reservoir exceeds that which can be 
supplied by a single pump. It should only be stopped 
when either Rietspruit is full or when the Rietspruit - 
Davel flow drops below 1,61 cumecs (single pump flow).
It would appear that the running time of the second pump 
could be prolonged by extending the operating range of 
water level at Kriel. This would serve little purpose, 
however, since th" limiting factor is the flow in the 
Rietspruit - Davel pipeline which has a maximum value of 
only 2,00 cumecs, that is, providing the volume of water 
between the lowest and second lowest setpoint at Kriel 
is not leas than the volume of water within the op­
erating range at Davel.
Rietspruit Reservoir - Range of Operating lave!
(a) The operating range at Rietspruit should be as large as 
possible not only so that Rietspruit can perform aa an 
efficient balancing reservoir but as stated above in 
order to minimize pump starts and stops. The operating 
limits shall be defined us the Full Supply Level (FSL) 
and the Low Supply Level (LSL) corresponding to both 
Camden pumps stopped (P = 0, • 0%, Vc2 = 0?) and at
least one pump operating (P = 1, « 100%), respectively.









water level within the operating range will, if ex­
ceeded, initiate pump atart up or shut down in order to 
respond more quickly to large changes in demand. Once a 
pump has started this will have the effect of slowing 
down the rate of change and holding the level within the 




The overspill level at Rietepruit is 8,4 
metres from the bottom of the reservoir 
(Appendix B.l). The high level setpoint 
(KLRH) which will sound an alarm and stop both
Camden pumps should be set just below this
level at approximately 8,2 metres. The full 
supply level should be set below this again by
a sufficient margin to allow one pump to be
stopped before the water level rises to 8,2 metres. 
If 5 mins. is allowed to stop a pump, this 
represents a depth of approxiritely 125 mm for 
a rate of rise of 25,7 mm/min. (or 250 mm at a 
rate of 51,3 mm/min. for half reservoir opera-
(ii) Low limit
In order to prevent the reservoir irons drain­
ing in the event of failure to star'" the 
pumps, the outflow from the reservoir must be 
reduced if necessary to sz.ru. Setpoints will 
required to initiate progressive closure of 
.a Davel regulating valve as the water level 
tails below the operating ran;,e.
A low level alarm (WLRL) aC '. as backup 
protection and will anitiav■ an emergency
routine of stopping the pumps and cloaing all 
valves. !th an outflow of 2,0 cumece, -.nd no 
inflow, under the worst conditions, Rietepruit 
water level rill fall at 64,16 mm/min. >.hal£ 
reoervoir operation) and allowing 16 minutes 
for the Davei valve to close plus 2 mine, 
reaction time this represents a depth of 
approximately I 000 nut. As this is aa emer­
gency level there should be at least l,v metre 
of water left in the reservoir when Che flov 
has reduced to zero, hence the low alarm level 
should be set at approximately 2,0 metres.
From the computer the rate of fall with Davel 
valve 25% open is 1,1 nsn/min. and again 
allowing the valve time to close from this 
position this represents a depth of 110 mm - 
i.e. the nest setpoint should be set at least 
150 mm above the alarm level (250 mm including 
safety margin). Each level setpoint can be 
calculated in this manner and the low supply 
level established, (Actual test set-pcints are 
shown in Table 6.6).
5.4.4 Davel Reservoir - Range of Operating Level
(a) The operating range at Davel should be as large as 
possible so that Davel can perform as an efficient 
balancing reservoir.
With maximum outflow from Davel (2,17 m^/a) and maximum 
inflow (2,00 m^/s) to Davel, the Davel level will 
always fall, there appears therefore to ba a strong case 
for control on rate of change of level as at Rietspruit. 
This would allow the Davel valve to open to its maximum 
position whilst the reservoir is still relatively full 
and hence allow the maximum time of operation with full 
inflow and full outflow before the low operating limit 
is reached. In this cane the low operating limit must
be rt’. rded as the level at which the htiv • valve must 
be tiirontled back.
The actual controls, howsvar, have been based on a'" 
noliita level netpoints at Davel. The level at which the 
Davel valve is commanded fully open oust therefore be as 
high in the reservoir ob possible, although sufficient 
margin mat be allowed between xc and the tvll level to 
enable steady operation at intermediate valve positions.
At Davel then, the operating liaitn shall be defined as 
Fall Supply Level (VSt) and low Supply Level (1SL) 
corresponding to the Davel valve fully closed (V^  = 0%) 
ann the Pavel valve fully open and Kriel valve throttled 
one ,iQsition (V"D = 100%, VR = 752) see Pig. 5,9.
Fig, 5.9 illustrates the changes in Davel water level 
with continuous maximum demand at Kriel. The sketch is 
greatly exaggerated since the difference between full 
outflow and full, inflow is only 0,17 m^/s - i.e. it 
would take approximately 780 minutes to coapli :a (I) and 
approximately fiiO minutes to cor:.'lete (II)
S
$
Big, 5,9 - Davel Reservoir - Changes in Level with 
Maximum Continuous Demand at Kriel
(if the Kriel valve is throttled to the 75% position) - 
a total timo of approximately eighteen and a half 
hours. This asctuses an operating range of 4 ntatrea ao 
at Rietopruit. Itot/cvcr, the top metre is alloyed for 
intermediate positions of the Davel valve end the
rf -fining three metres for the Davel valve fully open 
and the Kriel valve fully open. Under these conditions 
there is a net loss of water from Davel and the level 
drifts slowly down until at the limit of the range the 
Kriel valve is throttled back one step.
Although rate of change of level control would have the 
advantage of a slightly deeper operating range under 
maximum flow conditions, absolute level control tends to 
keep Davel reasonably full for light demand.
(b) The safety limit se.tti '.-s are based on similar arguments 
to those for Rietspru. (Test values are given in Table 
6.5).
.4.5 Flow Settings - Valve Position Parameters
As the flow in the Camden - Rietspruit pipeline can only have 
two values - viz. one or two pump operation, optimum pump 
cyclic times can only be achieved by manipulation of the 
Rietspruit Reservoir level setpoints and by controlling the 
values of outflow from Rietspruit. Figure 5.7 illustrates 
the effect of flow in the Rietspruit - Davel pipeline on the 
single pump operation duty cycle time.
At first, it would appear that best operating conditions 
can be achieved by allowing only one intermediate valve 
position at Davel and Kriel - that corresponding to single 
pump flaw, and eliminating the other two settings. (Never­
theless, there is perhaps a case for an intermediate setting 
between that of single pump operation and valve full open. 
This would have the effect of reducing the rate of fall at 
Rietspruit when the demand is greater than that of single 
pump flow and thereby extend the cyclic time for dual pump 
operation).
The above argument, however, ignores the values of outflow 
from Kriel Reservoir and assumes that the reservoir is an 
enormous "buffer" with no relationship between the outflow
from Kriel and the inflow from the Usutu Water Scheme.
Kriel Reservoir may be large but it is not of infinite size, 
moreover in order to keep Kriel approximately full, the 
level setpoints must, of necessity, be set close together.
Thus, although figure 3.7 (vii) predicts an infinite pump 
cyclic time when the Davel and Kriel valves are set to an 
opening which permits the equivalent of one pump flow, if 
this value is much greater than the outflow from Kriel 
Reservoir, the reservoir will fill relatively quickly and 
close the regulating valve at Kriel. The whole purpose of 
providing three intermediate adjustable openings for the two 
regulating valves was an attempt to crudely approximate the 
inflow to the outflow from Kriel Reservoir.
No. of M/cs 
on load at 
Kriel P.S,
No. of M/cs 
Matla P.S.
Demand 












Approximate Relationship between Power Station Electrical 
Output and Water Consumption
The argument also assumes that it is physically possible to 
set the valve positions exactly and that the flow will remain 
constant under « >ing head conditions. Neither of which is
Table 5.1 give. edicted values of demand at Kriel and Matla
Power Stations. From this it will be seen that the demand is 
approximately 0,27 cumecs, for each of the six turbo-alter­
nators at Kriel and 0,33 cuaecB, for those at Matla. The 
rate of fall (in the top part of the reservoir) in water 
level is in the region of 0,2 mm/min. per Kriel machine on 
load. This means that if the level setpointe are 100 mm 
apart it will take 500 mins. (8,3 hrn.) to fall from one 
setpoint to another with one machine operating, 250 mins. for 
two machines and so on. If on reaching the setpoint, the 
regulating valve opens to a position such that the inflow is 
approximately equal to the outflow, the level will steady 
both at Kriel and Davel and the pump cyclic time will become 
a function of that particular flow.
An obvious valve setting to be avoided is that vhich is 
equivalent to half pump flow. Values which are less than one 
quarter or greater than three quarters of pump flow may in 
fact give good results whilst keeping Kriel and Davel reser­
voirs full. It must be acknowledged, however, that a demand 
of less than 1,0 cumec will not normally be encountered 
except during commissioning of the power station.
One definite advantage of retaining all the intermediate 
valve positions is in being able to throttle the valves 
gradually when the level at Rietspruit and Davel reservoirs 
becomes dangerously low. This is preferable to a sudden cut­
off in flow and provides some back-up protectior.
5.4.6 Computer Tests
Based on the foregoing, there are two possibilities of 
controlling the system
(i) Attempt to equate the flow in the three pipeline 
sections to thai cf pump flow.
(ii) Approximate the pipeline flow to that of the 
demand.
In either case the operating range of Kriel Reservoir must 
he relatively small and those of Rietspruit and Davel as 
large as possible consistent with safe operation.
The minor demands at Rietspruit and Davel have been ignored 
in this discussion since these are only 0,08 m^/s from 
Rietspruit to Emelo Municipality (by 1995) and 0,05 m'Vs 
from Davel Reservoir (by 1995),
APPLICATION OF CONTROL TO MODEL AND RESULTS
Sunanary of Testa Performed
Once the basic model has been proved (Chapter 4) to be a 
true replica of the actual water scheme, the next step is to 
manipulate the model in order to obtain the best control 
possible in terms of the stated objectives.
The discussion in Chapter 5 on control strategies provides a 
logical basis for the initial choice of control parameters.
A series of tests can then be conducted to check whether 
thoue parameters do in fact fulfill all the control re­
quirements and if not what modifications are necessary to 
achieve the desired results.
The tests chosen for this study were as follows s-
Tests 14 2 To set the correct valuer for the
Rietopruit Reservoir rate of change of 
level control set points and to as­
certain if these as-ist in providing 
better control by comparing the system 
performance with and without these 
parameters set.
Tests 3 & 4 Compare the merits of Matching the 
pipeline flow throughout to
(i) pump flow
(ii) outflow frJtn Kriel Reservoir for 
power station demand up to 1,61 m^ /sec.
Compare the effect of varying the inter­
val between water level set points at 
Kriel Reservoir.
Tests 6 S 7 Repeat of tests 3 and 4 for demands in 
excess of 1,61 m^ /sec.
6,2 Rietspruit Reservoir Rate of Change Control
The first parameters to be set were the rate of change 
control at Rietspruit ROF and ROR,
RDF is the rate of fall of ter level setpoint and was set 
at -0,00045 m/s (27 mm/min) - i.e. just in excess of the rate 
of fall of level for the equivalent of single pump flow out 
of the reservoir with no inflow. If it was set less than 
this value, a pump could be started (under certain condi­
tions) and then stopped quickly afterwards as the level at 
Rietspruit reached the full value, The purpose of this 
setpoint ie to extend the time that the level is falling, 
thereby delaying the starting of che second pump and hence 
extending the pump duty cycle time.
ROS. is the rate of rise of water level setpoint and was set 
at 0,00028 ui/c (lb,80 mm/min) - i.e. just in excess of the 
rate of rise of level produced by the difference between 
single and dual pump flow, the level will continue to rise 
with only ose pump operating but at a slower rate.
These settings were tested by repeating the run referred to 
in Chapter 4.
In this test, the system was given a step input, by setting 
the initial level of Kriel low, and checking the response.
The full water level of Kriel, Davel and Rietspruit reser­
voirs was set conservatively at 13,20, 6,75, 6,50 metres 
respectively and the low operating limit at 13,00, 4,25 and 
4,50 metres corresponding to operating ranges of 200 mm 
(Kriel), 2,50 m (Davel) and 2,00 m (Rietspruit). Initially, 
Davel and Rietspruit were set at full level, the Davel and 
Kriel regulating valves were set to fully closed and both
pumps off. The demand at Ariel was set to zero and the water 
level at Kriel was set to an initial value of 12,80 m - i.e. 
a step input of 400 mm.
Two teats ware conducted, one without the rate of change 
parameters and one with the parameters set. In the first 
test it took 23 700 seconds (6hrs. 35 minutee) for the 
system to reach a state ot equilibrium and in the second test 
(6hre. 33 mins.). Results were printed every minute, the 
calculation being carried out by means of variable step 
integration routine (Runge-Kutea/Moulton) with calculation 
interval of not less than 15 seconds, t
Initially the Kriel valve v,ent to full open, drawing water 
from Davel. As the Davel level dropped, the Dsvel valve was 
opened progressively as each set point was exceeded, to 25%, 
50%, 75% and finally full open. The pump(s) were started at 
Camden to replenish Rietspruit and as the reservoirs filled 
up, the valves at Davel and Kriel closed in steps. Finally 
the system came to rest with Kriel Reservoir full, both Kriel 
and Davel valves fully closed and both Camden pumps stopped.
The pump cyclic times ore given below
Table 6.1
Test 1 - without Rate of Change Control at Rietspruit,
Note i Pump 1 will always start first and stop last.
t The Computer may be required to perform more then one calculation 
every 15 seconds dependant on whether the tolerance requiremonto 
are satisfied.
In this test the pump interval timer was set to 10 mine, 
between pump stares end 3 mine, between pump stops. Pump 
1 ran for 3 hre. 7 mine, and pump 2, 2 hrs. 52 mine.
Table 6.2
Test 2 - With Rate of Change Control at Rietspruit 
ROF = -0,00045 m/s; ROR = 0,00028 m/s.
In this test, pump 1 started on rate of change control with 
Rietspruit Reservoir still relatively full at 5,60 m and ran 
for I hrs. 36 mine.
A coaparision of the two tests will show the value of the 
rate of change control:
Table 6.3
Comparison of Tests 1 and 2 - Showing Effect of Rate of 
Change Control at Rietspruit.
si Minimum
Both tests achieved the same result - i.e. filled Kriel to 
its full setting ci 1.3,20 «. With the rate of change control 
in operation, pump starts/stops were minimized since not only 
was pump 2 not started but the running time of pump 1 was 
extended. In addition both Davel and Rietspruit had a 
higher final level even though the total pumping time was 
lees (this is attributed to the greater efficiency of
single pump operation since the headless is reduced). As the 
minimum values of level at Davel and Rietspruit were also 
higher for test 2 the change of level was reduced. The 
minimum value reached for Rietspruit was 4,80 metres - only 
300 mm above the set point for switching pump 2, so that a 
larger step input at Kriel would undoubtedly have caused 
pump 2 to start. Nevertheless, the rate of change control 
does appear to be advantageous and could help to eliminate 
unnecessary starts under actual operating conditions (it must 
also be noted tha' v. the above test, the operating range at 
Rietspruit was onl> . metres).
The reason the Riatapruj.. level ended at a lower value in the 
first test <.s because on attalring full level at Rietspruit 
both pumps were stopped but since the Davel valve was still 
•.artially open water continued to flow out of Rietspruit 
until Davel attained its full level. A similar argument 
applies to the final level at Davel since the Kriel valve was
still partially open when the Davel valve was closed.
Setting of Regulating Valves
(a) From the discussion on control strategics in 5.4.6, 
clearly, one setting for eac. of the regulating valves 
is that which permits a flow equivalent to 'hat of one 
pump - i.e. 1,61 m^ /s.
Table 4.1 shows that the flow from Davel to Kriel is
1,61 m3/8 with Kriel valve 75% open. It also shows that
the flow for a 75% open valve at Davel is 1,69 m3/a.
An initial run was tried with the 25% and 50% valve 
positions set to zero and the demand at Kriel, QR equal 
to 1,61 m3/s. Tha valves at Kriol and Davel were set to 
75% and 70% respectively. By a process of successive 
approximation the flow was matched with the Kriel 
regulating valve at 74,79% and the Davel regulating
valve at 70,68%, The flows were matched within 0,0001 m^/s 
with Sietopruit level, at 4,48 m, Davel level, 
at 5,35 m, and Kriel at 13,04 m.
Subsequently, the operating ranges were modified and 
the variation in flow with level was observed as 
follows
Bietspri<-. - Davel Flow, Q2 : From 1,65 m3/s to 1,59 m3/s 
(range of level at Rietspruit
4,5 m).
Davel - Kriel Flow, Q3 : Approicimately 1,61 fi3/s
to 1,62 m3/s (range of 
level at Davel for this 
valve position 250 mm 
falling water level;
750 mm rising water 
level - i.e. a total of
1,0 m and variation at 
Kriel 400 mm),
(b) From 5.4.6 it was decided to conduct two series of
(i) Match the flow in each section of the pipe­
line to that of pump flow only.
(ii) Approximate the pipeline flow to that of the 
demand.
In the latter case it waa necessary fu eet the nominal 
25% and 50% valve positions.
These were set as follows
Corresponding to a demand from Kriel Reservoir of 
1,09 m3/a for 4 machines on load at the power station :
Davel valve 42,635?
Kriel valve 49,77%
Corresponding to a demand from Kriel Reservoir of
0,81 m'^ /s for 3 machines on load at the power station :
Davel valve 29,42%
Kriel valve 35,92%
It is interesting to compare the computed flow versus 
valve position curves given in Appendix F for although 
the flow for a fully o»"'i Kriel Velve (2,17 m^/s) is 
higher than that for «t lly open Davel velve (2,00 m^/s) 
the values of flow for intermediate valve positions is 
higher in every case for eke Davel valve. This ie due 
to the difference in frictional characteristics of the 
two valves.
The above settings ate, of course, theoretical since in 
practice the valve set points can only be set to an 
accuracy of between 1Z - 2% of the full range.
6.4 Reservoir Operating Range
(a) Kriel Reservoir
(i) The critical level at which water no longer 
gravitates into the power station from Kriel 
Reservoir is 1,5 metres below full level 
(12,28 m). Since it ia intended to control 
the level at Kriel to within 90% or 95% of 
full volume this will not be restrictive, as 
the levels for 90% and 95% volume are ap­
proximately 1,0 metre and 0,5 metre below full 
level (13,78), respectively.
(ii) Intermediate levels - initially the operating 
range was set at 0,5 metres with intermediate 
levels set as given in table 6.4 t-
Table 6.4 
Kriel Reservoir Set-Pointa
WLKO - Full Supply Level; WLK4 - Low Supply 
Level; WLK3 and MLK4 were sat close together 
so that Camden pump 1 would start on rate of 
change control for a heavy demand at. Kriel.
WLK4 was sal just above 13,28 m in order th&t 
the level be held within the 0,5 m operating
(b) Davel Reservoir
(i) It was decided to set the high water alarm at
8,00 metres (200 mm below Che overspill 
level) and the full supply level at 7,50 
metres, This permitted an operating range of
4,5 metres down to 3,00 metres at which level 
it was considered necessary to throttle the 
Kriel valve back one position.
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c) Rietspruit Reservoir
(i) It mbs decided to set the high level alarm at
8,00 metres (400 mm below the overspill) and 
the full supply level at 7,50 metres. This 
permitted an operating range of 4,50 metres 
down to a level of 3,0 metres. Below this 
level are the set points which caused the 
Davel regulating valve to be restricted.
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6.5 Tescs and Reaulte
In carrying out the two series of testa runs were carried out 
as follows !-
Flov in each section of pipeline matched to single pump flow 
for demand at Kriel less than or equal to 1,61 m^/s.
Table 6.7
Test 3 - Valve Positions and Level Set Points
Flow in each section .v; pipeline approximately matched to 
demand at Kris.. .
All intermediate valve positions, as detailed above in 6.3 
and 6.4, operational.
For each of the tests, computar runs were carried out with 
different values of demand, corresponding to 1, 2, 3, 4,
5 and 6 machines on load at Kriel Power Station. The results 
were plotted and are given in figures 6,1 and 6.2. (Note: 
two additional points were plotted at =■ 0,12 m^/s and 
Qk ° 1,49 z? / b for completeness).
(a) Test 3
Figure 6.1 showa that with the set point for valve 
position, VK3, set at a depth of 400 mm, the most 
frequent starting of pump 1 will occur with a demand 
from Kriel of 0,81 m3/s (one half of pump flow). This 
will result in the pump starting at intervals of 23,5 hro. 
At t' is flow the ratio of time that the pump is running
D E M A N D  AT KRIEL
Fig. 6.1 - Test 3 - Variation of Furop Duty Cycle Time 
with Demand at Kriel (One Intermediate Valve 
Setting) - Single Pump Operation
to stopped is 1;1, At other values of flow from Kriel 
Reservoir the mean time between pump starts is greater, 
rising to very high values for flows approaching zero or
1.61 m^/s (pump flow). For instance at a continuous 
outflow of 0,12 m^/s the pump would only be called upon 
to start once every 85 hra. - i.e. approximately twice 
per week.
Curves of pump running time and pump stopped have also 
been plotted. These curves do rot pass through the 
ordinate at zero hours for flows of zero and pump flow 
as might be expected. This is because once a pump has 
started, it must run until Rietspruit Reservoir is 
completely full before it can be stopped and likewise, 
if a pump is stopped, the water level at Kriel must draw 
down to the point at which the Kriel valve is opened 
(and hence Rietspruit ultimately drawn down to a low 
level) before the pump will be started again, From 
figure 6,1, this time is 5,80 hrs. which corresponds to 
the time taken to fill Kriel Reservoir up to full 
supply level from a depth of 400 mm, with an inflow of
1.61 m^/s and no outflow. It also corresponds to the 
time taken to draw the level down by 400 mm with an 
outflow of 1,61 m^/s and no inflow.
It is interesting to note that in this test (with the 
flows matched) the cyclic time for Kriel valve open/close; 
Davel valve open/close and pump on/off were the same.
The Davel valve had additional cycling between 70,68% 
and 100%. This was due to the following
(i) The two level set points were set close 
together,
(ii) Once the set: point WLD3 is exceeded, the level 
continues to fall during the time the valve is 
opening, so that by t\e time it has stopped 
moving tne level has almost reached the next 
level (W1D4).
(iii) There was a slight mis-match of the flow
resulting in a slow fall of level at Davel.
This additional cycling of the Davel valve is not a 
serious problem and can be corrected on Elite by setting 
a larger margin between these two levels. The frequency 
depends on the levels in other parte of the system.
Table 6,8
Test 3 - Sunmry of the Computer Runs for 
ElTSeront Values of Demand at Kriel. Only 
One Intermediate Valve Setting at Davel 








0,12 85,75 85,75 6,25 79,50 85,75
0,27 42,50 42,50 7,25 35,25 42,50
0,55 26,25 26,25 8,92 17,38 23,30
0,81 23,50 23,50 11,25 12,38 23,63
1,09 27,00 27,00 18,38 8,63 27,01
1,35 43,00 43,00 36,00 7,00 43,00
1,49 83,00 83,00 77,00 6,25 83,25
Note Is As the Davel valve opening was slightly 
inaccurate, there was additional cycling 
of the Davel valve between 70,68% and 
100% once per cycle.
Note 2: Results output from the computer at 15 min. 
intervals.
(b) Test h
Figure 6.2 depicts similar curves for Test 4 - approxi­
mating the valve gettings at Kriel and Davel to the 
demand from Kriel Reservoir.
It will be observed that most frequent pump operations 
again occur at an equivalent flow of half pump flow but 
with a maximum safe operating range at Rietspruit of 4,5 
metres the periodic time is only 11,5 hrs - i.e. approx- 
mately half of that which can be achieved with a 400 mm 
change of level at Kriel. This is to be expected since 
the volume of a 400 mm span of water at Kriel Reservoir 
is greater than the entire volume of Rietspruit.
Unlike Test 3 which displayed a constant frequency of 
valve movement and pump operation for a particular 
demand, lest 4 resulted in general in fnwer valve 
cycles (especially where the valve setting was exactly 
•matched to the demand) and more pump operations. The 
pump cyclic time also varied, depending on the various 
reservoir levels at the commencement of a cycle, whereas 
in Test 3 the levels always start at the same values.
The curves of pump running and stopped time cross the 
"y" axis at approximately 4 hours illustrating that the 
pump operating time is no longer dependent entirely on 
the operating depth at Kriel but is more dependent on 
the depth at Rietspruit.
Table 6.9
Test 4 - Summary of Computer Rune for 
Different Values of Demand at itiriel. 
Three intermediate Valve Settings at 
Dai'el and Kriel.
Range at Kriel Resex/oir 400 mm.









0,27 26,38 26,36 6,33 22,00 22,33
0,55 26,50 26,50 4,50 9,00 13,50
0,61 infinite & 5,88 5,79 11,67
1,09 infinite infinite 8,90 4,35 13,25
1,35 17,75 18,006 16,00 4,13 22,13
1,61 infinite A infinite
Note 1: Infinite valve cyclic times correspond to
matched flows at Kriel valve openings 
(i.e. Kriel inlet matched to outlet
Note 2: 6 indicates additional cycling of Daval 
valve due to pipeline flows not being 
exactly matched.
Note 3: RePulta output from conqiuter at 15 min. 
intervals.
(c) Teat 5
As better results were obtained from Test 3 than Teat 4 
a further aeries of tests were conducted with the 
valves matched to the pump flow to determine the effect, 
on the pump and valve cyclic time, of varying operating 
depth at Kriel.
DEMAND AT URIEL PS QKam 3/SEC.-
Fig, 6.2 - Test 4 - Variation of Pump Duty Cycle Time 
with Demand at Kriel (Three Intermediate 
Valve Settings) - Single Pump Operation
The results are plotted on figure 6.3.
As might be expected, there is a almost linear relation­
ship between depth and cyclic time (especially at the 
minimum value). Thus increasing the. depth from 400 mm 
to 800 mm results in the minimum cyclic time being 
increased from 23,5 hrs, to 46,5 hrs. - a factor of 1:2. 
On the other ham reducing the range to 200 mm results 
in a cyclic time of 12,2 hours. (The effect of the 
shape of Kiiel Reservoir does not appear to be sig­
nificant over such a small range of depth).
The curve for a depth of 100 ram is interesting since the 
pump cyclic time suddenly jumps from approximately 6 
bra. at 0,81 m^/e to 12 hra. for values of flow less 
than or greater than this.
The reason for this is that at 0,81 nfVs the pump 
cyclic time is the same as that for the Kriel valve 
although lagging behind by approximately 15 minutes. At 
flora below 0,7 m^/s aad above 0,95 m^/s, the Kriel 
valve frequency of operation is twice that of the pump. 
This is attributable to the fact that the volume of a 
100 m  operating range at Kriel is approximately half of 
that of Rietspruit and the control shifts from control 
on Kriel level to control on Rietspruit level.
(d) Tests 6 and 7
^ With the same valve and level settings as for Tests 3
and 4 the Kriel demand was increased beyond that of 
j one pump flow. Apart from a difference in time, the
i results were the same and are plotted on figure 6.4.
i The reason the results of the two teats are the same is
1 that the pipeline flows are no longer matched to the
I pumps since the flow for a fully open valve at Kriel is
valve 2,00 n f V s  and 
for Test 3 for a
2,17 m /s., for a fully open Davel 




DEMAND AT KRILL PS. Q,< m3fSEC.
Fig. 6.3 - Tcot 5 - Effect of Varying Operating Range 
at Kriel on Punp Duty Cycle Time
range of depth at Kriel greater than 300 mu, the control 
is independent of level settings at Davel and Rietepruit 
and dependent only on Kriel (providing the pipeline 
flows are correctly matched), for Tests 6 and 7, the 
converse is true.
For demands in excess of 2,00 m^/s., the Davel valve 
will remain fully open and the pump cyclic time depends 
only on the operating range at Rietspruit. There is a 
cut-off point at this value and from the curve this is 
at a cyclic time of 20,0 hrs for a range of 4,5 metres 
at Rietspruit. For demands in excess of 2,00 m^/a the 
Kriel level will fall steadily until the flow to Matla 
is inhibited at 12,28 m.
It will be observed that the points no longer lie. on the 
curve. This is because the cyclic time varies slightly 
with the various reservoir levels and these do not rise 
and fall in synchronism due to the non-uniform pipeline
Ipo v  2,05 :
DEMAND AT KRIEI. CL, m3/s
Fig. 6.4 Teer? % & 7 - Variation of Pump Duty Cycle Tims 
with Demand at Kriel - Dual Pump Operation
CONCLUSION AWD FUTURE WORK
Conclusions
Achievement of Objectives
As the purpoa. of the sCudy was to evaluate the automatic 
control ayotem tor part of the Usutu River Scheme within the 
context of certain stated objectives (refer to 1.3), a 
comparison of results with objectives is given below.
The results bflve shown that these objectives can be achieved 
effectively by a control system which is both simple and 
economical. Sufficient information has been obtained from 
the study to enable the control system parameters to be set 
on site to opciatua values, A better understanding has been 
gained of the significance of these parameters and their 
effect on the control system.
The following conclusions and reconmendaHons can be made 
from the study:-
1. Values for valve position and reservoir level control 
parameters which satisfy all the requirements of the 
system.
An interlock was found to be necessary which restricts 
operation of the second nump to full flow conditions 
only, thereby optimizing the system for minimum energy 
consumption.
3. Additional low level aet-points are required at Riet- 
spruit and Davel Reservoirs which ensure safe operation 
of t.ie system in the event of either of theft reservoirs 
reaching a dangerously low level (for any reason but 
posciibly due Co failure of a pump or valve to respond to 
a contro. command.
7.1.2 Analysis of Results and Comparison with Objectives
(a) The water requirements of Kriel Power Station can be 
satisfied by one operating pump at Camden. As each pump 
operates at a fixed speed, the total demand at Kriel can 
be met by one pump operating continuously with unimpeded 
flow of water through the pipeline. Partial demand can 
be met by one pump operating in and on/off mode, the 
level aetting(s) ah Kriel determining the on/off time or 
mark/space relationship.
(b) The maximum pipeline throughput is determined by the 
Rietspruit - Davel pipeline and the regulating valve at 
Davel since this imposes a restriction on the Lotal 
flow. The control must not impede the flow below this 
value. The maximum amount of water available for 
transportation to Matls Power Station can therefore be 
achieved by operating a second Camden punp in an on/off 
mode. The on/off time of the second pump is determined 
primarily by the levsl set points at Ristspruit. t
(c) The minimum water storage requirement at Kriel can be 
met by selecting a narrow operating range of level 
control at Kriel Reservoir.
(d) The amount of water consumed by minor usei. •-'*11 upset 
the balance of flow through the system by . . .ill 
amount. Whilst water drawn from the system ac Riet­
spruit will not affect the maximum throughput, draw-offs 
downstream of Rietspruit will have a slight effect on 
the water available at Kriel.
(e) Pump starts/stops can be minimized without affecting the 
total flow as follows 2-
t This is because the scheme no longer operates as a single con­
tinuous pipeline. The flow in the different .lections wil not 
be the same and the maximum flow will be in the Camden - Rietspruit 
section.
(i) Single Pump Operation (up to 1,61 m'Vsec)
The regulating valves at Davel and Kriel must have 
only one intermediate position each set to the 
I output of a single pump so that the flow is matched
throughout each section of the entire pipeline.
' The frequency of pump starts/stops is then deter-
, mined by the level set points at Kriel Reservoir.
The minummn cyclic time, can be varied from lees 
than 10 hours to more than 50 hours.
- (ii) Dual Pump Operation (1,61 m'Vsec to 2,Q0^m^/see)
t With two pumps operating at Camden and both re­
gulating valves (se Davel and Krial) fully open the 
‘ flow in each pipeline section will be different.
The frequency of starts/stops for the second pump 
ie then determined by the level set points at 
Rietspruit Reservoir. The minimum cyclic time Zor 
the second pump cannot be greater then 20 hours 
(for a safe operating range of 4,5 metres at Riet­
spruit) and will be reduced as the operating range 
at Rietspruit is reduced.
(f) Minimum regulating valve movement occurs for matched 
flow at different values of demand. Less valve cycling 
therefore takes place if the additional intermediate 
regulating valve poation settings are retained, un­
fortunately this results in additional starting 
and stopping of pumps.
The valve cyclic times with a single intermediate 
position of the regulating valves are not excessive 
(See Table 6.8).
f Total flow value
(g) In order to protect Rietspruit and Davel Reservoirs 
from draining in the event of failure of pumps and/or 
valves it was found necessary to introduce additional 
low level aet points at Davel and Rietspruit, to throttle 
the outflow from those Reservoirs, which exert overriding 
Control when the water level becomes dangerously lew.
(h) Under matched flaw conditions, the overall flow could 
be maintained with one half of any reservoir out of 
commission.
Recommended Control System Settings
Vflve Positions
The regulating valves at Davel and Kriel should be set to 
operate between fully closed (V^  = 0%, = 0%), an inter­
mediate position corresponding to the output of one pump 
(1,61 m3/sec), and fully open (VD = 100%, VR « 100%),
The intermediate valve positions ares-
Dave.l valve Vp “ 70,68%
Kriel valve VR = 74,79%
As it will not be possible to set the valves to this degree 
of accuracy in practice, it may be necessary to utilize one 
of the redundant valve settings so as to provide an upper 
and a lower boundary with the desired valve position as the 
mean value. Whilst this will result in greater valve 
movement, it will not result in increased pump starts and
The extent of tiii>; additional valve cycling can be controlled 
by the difference in value of the corresponding Kriel and 
Davel level set points.
The ideal difference between the upper and lower valve 
position settings at Dave! should correspond to a flow which 
is equivalent to the minor draw-offs along the Rietspruit - 
Davel pipeline (including the draw-off to the township from 
Davel Reservoir).
Kriel Reservoir Level Set Points.
These will command the Kriel regulating valve to the desired 
positon and for flows up to and including 1,61 m3/sec., the 
difference in depth between the full supply level set point 
and the next lower set point will determine the frequency of 
pump starts. The lowest set point corresponding to valve 
full open should be set in reasonable proximity to the 
intermediate setting since:-
- providing the difference between the two settings is 
greater than a critical value (corresponding to a 
volume of water equal to that contained within the 
operating range at Rietspruit Reservoir) it will not 
affect the duty cycle of the second pump. If the 
difference is less than the critical value it will cause 
more frequent pump starts,
- providing the difference is not less than the critical 
value, the closer the levels are set to each other, the 
better the response of the rate of change control at 
Rietspruit Reservoir.
The recommended settings are:-















Should an additional intermediate setpoint be required this 
should be set as follows
WIKI at 12,78m 
WLK2 at 12,96m
and valve positions
VK1 - 70,02 
VK2 - 75,02
7.1.3.3 Davel Reservoir Level Set Points.
These will command the Davel,regulating valve to the desired 
position. The significant factor in selecting these values 
is that the Davel valve should not impede the through flow of 
water to Krial (that is for flows less than the limiting 
value of 2,00 cumecs as already discussed).
The rer.onanended settings are those given in Table 6.5 and 
lable 6.7.
Should an additional intermediate set-point be required this 
should be set as follows:~
WLD1 =■ WLD2 at 7,00m 
WLD3 at 6,75m
and valve positions
VD1 = VD2 « 67,0%
VD3 = 72,0%
7.1.3.4 Rietspruit Reservoir Level Set Points.
These wil". command the pumps at Camden to start or stop as 
required. Whilst the frequency of operation of the first 
pump is determined by the level setting at Kriel, the fre­
quency of operation of the second pump (for reasons dis­
cussed) is dependent tst the level settings at Rietspruit. 
These aie given in Table 6.6.
7.1.4 Justification for Computer Study.
Although the basic philosophy of the control system could 
have been determined by reasoned argument it would have been 
difficult to assess the overall control and set optimum 
values for the control parameters without the aid of the 
computer. This is largely due to the iterative nature of the 
problem since the flows and reservoir levels are all in­
teractive. Moreover the computer model will serve as a 
valuable tool in any future work which is carried out not 




Once the process computer is operational it will be desirable 
to check the results obtained from the actual system and 
compare with those obtained from the study. Any discrepencies 
can be used to improve and update the computer model.
In addition tlic following are also possible areas for future
(i) The power station water demand will not remain constant 
for long periods as simulated but will be stoichastic in 
nature. The computer programme could therefore be 
modified to include this feature. This, however, can 
only be achieved once it is possible to monitor the 
power station consumption.
(ii) Should the actual system be modified at some future date 
(for instance to increase the flow through Davel Reservoir), 
the computer model can be updated to account for this.
Fault Conditions
The computer model could be used to simulate fault conditions 
on the system and check the response. Some of the possibilities
(i) Failure of a purip to start or stop.
(ii) Failure of a valve to operate correctly.
(iii) Burst or leaking pipe.
(iv) Reservoir water level too high or two low.
(v) An obstruction in the pipe.
There are, of course, many other possibilities, including 
loss of electrical supply or loss of a flow or level 
transducer, limited only by the imagination. Such studies, 
in which the computer model would prove Co be an invaluable 
tool, could greatly assist in the operation of the system 
and in future design.
APPENDIX A
FLUID MECHANICS
A.l Headloss/Flow - Darcy Weiebach Formula
Newton*» laws •>£ motion *re applicable to fluid flowing in a 
pipeline. In order for flow to take place a force must bo 
applied which is sufficient to overcome resistance to motion. 
This resistance can be expressed as an opposing force which 
is a combination of pressure and friction. For a rising main 
the opposing pressure is due to gravitational forces acting 
on the column of water in the pipeline, .'or a gravity main 
the £"rce of gravity is itself the driving force.
Friction always opposes the motion and results in an energy 
toss which is caused by the motion of the fluid against the 
sides of the pipe and against itself and is therefore a 
function of the pipe roughness and the viscosity of the 
fluid. Darcy - Weisbach deduced a formula for pipe friction 
loss expressed as
where bf is the friction heedless
A is a d i m e n s i c n l . e B B  c o e f f i c i e n t  called f r i c t i o n
L is the length of the pipeline 
Vp is the velocity of the fluid 
Dp is the pipe diameter 
g is the acceleration due to gravity
I
Since the flow Q ” Ap • vp where Ay io Che cross sectional 
area of tbe pipe
- L . - 2 — q2.,
: Substituting for Ap if ,
The above formula aseumcs a pipeline of uniform cross- 
section. If a constriction ie introduced into the pipeline 
such as ‘live, this will introduce additional losses.
Thus for a pipeline i/ith a flow control valve the equation 
now becomes
where 5 is the friction factor for the valve and is a 
function of the valve opening see (Appendix B).
is the velocity of the fluid through the throat of the.
Since the flow can be a sumed to be the same in the valve as 
in the pipeline
Q (A.5)
where is the crosB-sectional area of the valve throat.
Zl . 4  . , _ 4  = _DP2  ..(A.6)
vp 4 itDI Dj
•(A.7)
Substituting ip equation (A.4)
hf = XL vp + C vp Dj




, 2 n 4
P DP^ ..............(A. 9)
'yP . v ^ ................... (A. 10)
4 . Q ......................... (A. 11)
•V
Substituting equation (A.12) for into equation (A.9) 
and simplifying:-
f  (i.W)
2 » /  V
For a given pipeline Dp, Dp and L are known,x can be cal­
culated and c can be obtained from the valve characteristic.
Flow fi.d Varying Head
Figure a.l depicts two reservoirs connected by a pipeline of 
uniform cross section.
irpfiAUUC
Figure A.l - Flow and Varying dead
According to Bernoulli's principle, the total energy at any 
point in a pipeline is the sum of the elevation, pressure and 
velocity heads.
%  (A‘1<i)
where z is the elevation head (potential energy)
& is the pressure head (v = unit weight of fluid)
- is the velocity head (kinetic energy)
The equation is graphically represented by the energy grade 
line in fig. A.I.
At Reservoir X and Reservoir Y, equation (A. 16) can be 
written as:
But as the velocity of the water at Reservoir X is zero and 
as the kinetic energy of the water on entry to Reaorvoir ■l’ 
can be assumed to be dissipated since motion ceases and 
the., "fore the velocity at Reservoir Y may also be regarded as 
zero, the ^ terms can be ignored.
As the pressure heed at th surface of o-sch reservoir is 
zero, the £ term in equal ionr; (A.15) and (A.16) may also 
be ignored.
Subtracting (A.16) from (A.15)
expressed as the friction headless h^ .
h« «
The static head Hs will not be constant but will vary as the 
water level in Reservoir X and Reservoir Ts varies.
Suppose the inflow to Reservoir X is and the outflow Qfl 
than during an interval of time At the quantity of water 
added to Reservoir X is
Q. . it ...........................     (A. 19)
and the quantity of water removed in the same interval of
Qb . at .... ......... .................... (A. 20)
The net gain or lose in volume of Reservoir X is
. Ag% ...................... ........... (A.21)
Where is the change in level -luring interval At and Agx 
is the surface area of. X.
Equating (A.19), (A.20) and (A.21)
AHX 1 ASX “ QA * At ' %  ' (A.22)
= (QA - Qb) • At (A. 23)
The change in level is
(A.24)
in the limit A t +  0
dHX (Qa ~ . dt (A.25)
Thus the depth can be obtained by integrating the net flow.
If initially to = 0 and
Constant « = the initial value of the water level
At instant of time t^  the level will be and the change 
“  1,TOl hi -  "so-
Similarly the change in level for Reservoir Y can be obtained 
by integration.
The static head Hg can now be obtained for any instant of 
time and is
< V l V  . dt (A.26)
=1
A t  " ^A . (t^  - tQ) + Constant....(A.27)
H < Hg <t) - Ct) (A.28)
nAnd substituting for hf from (A.13)
28-' V  V
Rewriting and substituting for Hg from (A.28)
H ♦ B, (t) - H, (t) - { It, ♦ I^C) QA2 ... (A.31)
where and are constants
........a..,
Rir/cg Main
The expression (A.13) relating flow and headloee can be used 
for a rising main although in this case the headloss hf is 
the difference between the pumping head and the static head.
where H is the pumping head.
The pumping head is a function <?r the flow and is obtained 
from the pump characteristic.
APPENDIX B
PHYSICAL DATA
(Note: a considerable amount of physical data is given on figure 1.1)
B.l Ristepruit Reservoir
Rieteprvit Reservoir comprises two cylindrical halves each as 
illustrated !-
Figurc B.l - Rietspruit Tteeervoir - Dimensions
Surface area of each half rest-rvoir
it x  ( 4 8 ,8 ) 2 = 1 8 7 0 ,3 8  m2
Total aurfaca area
asr ■ i3_L2Z2i” . L
Total capacity of combined reservoir
- 2 x 1  870,38 x 8,4 u 
» 31 422,38 m3 
= 31,42 aegalitres
B,2 Davel Reservoir
Davel Reservoir comprises two cylindrical halves each as illus­
trated
Figure B.2 - Davel Reservoir - Dimepsiona
Surface area of each half reservoir
- k <41,X7)2 • 1 331,23 m2
4
Total ovrface area
ASn " 2 x I 331,23 mZ
Total enpacicy of. combined reservoir
- 2 s 1 331,23 x 9,2 w3 
« 21 832,10 o2
“ 21,33 mcgalicrea
Kriel Reservoir
The shape of Kriel Reservoir is basically that of a truncated 
cone with a dividing embankment through the middle.
Figure B.3 - Kriel Reservoir - Shape
In order to obtain an equation for the surface area at varying 
depths, the solution is performed in two parts i"
(i) An equation is obtained for the area of the undivided 
reservoir.
(ii) An equation is derived for the area of the dividing 
portion.
(iii) The actual area is obtained by subtracting (ii) from
(i)
Figure B.4 - Kriel Reservoir •• Cross Section
= depth of water in reservoir
(i) Area of Undivided Reservoir
Area of undivided reservoir at depth
=  irR2
« r(124,425 * tan6)2 ...............(B.l)
How tan 8 = = 2,95  (B.2)
14,00
Hence substituting (B.2) in (B.l)
A, = r(124,43 + t^.2,95)2  (B.3)
(ii) Area of Central Portion, A-
Figure B.5 - Kriel Reservoir - Area of Central Portion
Area of earth embankment, A^ , at depth of water 
“ length x width = 1 x w
* ( 2 x  (124,43 + tan9 )} x {2 x (14,5-1^ ) tana} 
... (B.4)
where tan fi 
and tan a
2,95 from equation (B.2 above)
Substituting for tan6 and tan a in (B.4)
A% = 2 x (124,43 + 2,95 H^ ) x 2 (14,5-^) 2,95 ..(B.6)
(iii) Surface area, ASR, of Water in Krial Reservoir at 
Varying Depth Hg
ASK “ Aj_ - A.J  ...............  (B.7)
Pipelines
The diameter, and lengths of all three pv^lines are given on 
figure 1.1
The values of friction factor, A , were obtained from information 
given in the reports of performance tests (see Appendix C) using 
the Darcy - Meisbaeh formula. The values of friction factor thus 
obtained include minor losses.
i Camden - Hietpruit Pipeline 
From Report ME R/47 (April 1976)
Static head Camden - Rietspruit, =» 116,21 m 
lhampitig head (one pump), = 140,02 m 
Friction 'leadloss, h^ = 140,02 - 116,21 m 
= 23,81 m 
Length of pipeline, a 12 605 tn 
Diameter of pipeline, = 1,2 m. (D^ = 2,4883 
Diameter of valve throat, D^ = 0,6 m (D^ = 0,1296 m*)
Sull flow from pump, Q1 = 1,634 m3/sec. (Qj2 = 2,6700 (m^/s)2 
For fully open pump discharge valve ? = 1,2
From Appendix As Darcy - Veisbach forumla,
Substituting the above values
In a similar manner the values of and X^ were obtained for
the Rietepruit - usvel and Davel- Kriel pipelines respectively.
These were found to be X^ = 0,01728 and X^  = 0,01700,
Pumps/Valves
(i) The data for the Camden pumps is given in Appendix C.l.
(ii) The Camden pump discharge valves characteristic is
given in Pig. B.6 and table B.l. Each valve is assumed 
to have an identical characteristic. The valves are 
motor operated and each is driven by a constant speed 
squirrel cage induction motor giving a total travel 
time from fully closed to fully open (and vice versa) 
of 3,0 minutes.
(i>.i) The Davel flox, control valve characteristic ii given in
Fig, R,7 (curve 95.5) table B.2. The third column in 
table B.2 is reciprocal of valve friction factor and is 
the information used in the computer table VDTAB,
The valve travels at uniform velocity and the total
travel time ft,'.'/ closed to fully open (and vice versa) 
is 16,00 minutes.
(iv) The Kxiel flow control valve characteristic is also 
given in Pig. B.7 (curve 97,5) and table B.3. The 
reciprocal of valve friction factor is used in the 
computer table VKXAB.
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Fig. B.6 Camden Pump Discharge Valve Characteristic Curve 
Friction Factor, ;versus Valve Opening V %
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C.l Camden Pumj Set (Report ME-R/47)
Tests were carried out on pump set: no. 1, only, pumps 2 and 3 
were assumed to be identical.
In this test the pumping head was measured for various settings 
of the y'.peline isolating valve. The flow was determined for 
each of the different valve positions by using one half of the 
Rietspruit reservoir as a volumetric tank. Changes in volume 
were obtained by measurements taken, over a period of time, 
from three U-tubes connected by syphon at Rietspruit reservoir.
The test connections are shown in figure C.l and the test 
results on figure C.2. Table C.l gives the actual values of 
pump head versus flow as used in the computer programme P1TAB.
The table P2TAB used for the second pump is identical to P1TAB.
The maximum flow obts.ined from the test results for single pump 
operation is 1,634 cumecs.
C.2 Rietspruit - Davel Pipeline and Davel - Kriel Pipeline 
(Report ME-R/53)
Tests wore carried out on the gravity pipelines from Rietspruit 
to Davel and Davel to Kriel. In order to determine the pipe­
line characteristics, bouvdon-tube test pressure gauges and 
mercury U-tubes were used. The reservoirs at Rietspruit and 
Davel were used as volumetric tanks to determine pipeline 
flows. Volume changes were accurately determined by means of 
float gauges.
The test connections ate shown in figures C.3 and C.4.
The report states that -he maximum flow for the Riatspruit - 
Davel pipeline be taken as 1,983 cumecs and that for the 
Davel - Kriel pipeline as 2,156 cumecs.
C.3 Magnetic Flowmeter on Inlet to Kriel Reservoir 
(Addendum to Report ME-R/53)
This test was carried out in a similar manner to those under
C.2 above. The Davel reservoirs were used as vonimetric tanks 
and volume changes in both reservoirs were accurately deter­
mined by the level change in the stilling chamber using a float 
gauge. Reservoir volume changes were read at constant in­
tervals of time over a set period to determine the flows with 
the flow control valve set at openings of 25%, 50%, 75% and 
full open.
The results of the tests are given in table C.2.
SURVEYED
-1154m TOTAL STATIC 
DEL. HEAD SURVEYED
STATIC SUCTION HEAD"
TEST STATIC SUCTION HEAD 
ON 3. 3.76










h. SYPHON M AN OM E TE RSa. SUCTION HEAD MERCURY U-TUBE
b. DISCHARGE HEA D  TEST 6, CSADWElGHT PRESSU1E GAUGES. I REFLUX VALVES
c VENTURI TUBE 5 A  VALVES SHUT
d. NEEDLE VALVE R O  H  VALVES FULL OPEN
it 1st AIR VALV6 
t 2 nd  AIR VALVE
g DISCHARGE VALVE USED FOR THR0TTLIN3
Fig. C.l - Camden - P.ietspruit Pipeline : Diagrammatic Arrangement of
Pumps, Reservoirs and Pipelines
Fig. C.2 - Camden Pump Characteristic : Pimping Hoad vs Flow
v Charliem-iotif








PUMPING HEAD, FLOW AND PIJMP DISCHARGE VALVE POSITim
Although a pump "Head va Flow" characteristic tied been obtained from 
tests performed on Bite (Fig, C.2) it was necessary to run a computer 
sub-routine to obtain the relationship between pump flow and discharge 
valve position. The flow is dependent on the pumping head, the static 
head and valve position. If the static head is assumed to be constant 
(for reasons stated earlier - see 3,3.2) then for a particular valve 
opening (i.e. value of friction) the flow is determined by the pumping 
head which itself is a function of the flow. It was necessary, there­
fore to obtain the flow by iteration.
D.l Newton - Raphson Iteration
CSSL contains an implicit iterative operation for solution of 
equations of the form
From an initial guess for Y, the iterative process calculates Y 
such that the relationship Y «= f (Y) ic s'"'ifier1. In addition to
Y = f (Y) (D.l)
the initial value for Y, the numbee/ ot 
the tolerance and the increments in Y a
■a , to be performed
The iterative method used is the Newton - Raphson method.
* i " o,. - - V...





Whilst the CSSL function could be used to obtain single pump flow, 
it was not suitable for two pump operations. The problem was 
solved using nested DO loops in Fortran. Tile sub-routine is listed 
in this Appendix.
The reciprocal of valve friction factor was obtained from tables,
i.e. ZETCIR = VC1TAB (VI); ZETC2R « VC2TAB (V2).
The values were incremented by Q1N, Q2N (chosen ae 0,001) each 
calculation.
The function "f (y)" was denoted by QF1, QF2 (this is the Darcy- 
Waisbach formula used to obtain the flow for varying headless).
D.3 Results
The results plotted by the computer are included as part of this 
appendix.
As the static head was assumed to be constant these results were 
then included in the main program in tabular fora, discharge valve 
position versus flow - "C1TAB and VC2TAB - Table D.l.
TabU n.I '• Camden INimji I Flow 









Fig. D.2 - Computer Simulation for Starting Firat Pump at Camden
TlMe MINUTGS




Aa mntioned in paragraph 3.6 the programme was arranged in blocks 
as follows :■»
DYHAMIC




This defines a block of statements which are used only at the 
beginning of a simulation run and comprises the following 
headings s-
(i) Basie Inputs
These are inputs which are used to "start" the system 
from a state of equilibrium, they are values which 
are not influenced by the simulation such as the 
demand, QR, at Kriel and the demands, Q^ , Q^ , at
Rietspruit and Davel, Fixed quantities have been
used for these values for a particular simulation
(ii) Initialisation of Controlled Variables
These include initial values of
Reservoir levels (HRO, KDO, HKO)
Valve positions (VIO, V20, VDO, VKO)
Pumps operating (P)
These values can also be used to "start" the system. 
Equilibrium is with all reservoirs at full supply 
level (F.S.L.), all valves fully closed and both 
pumps stopped.
(iii) Control Parameters
These are adjustable control parameters which can be 
varied to give optimum performance and include
Reservoir level absolute and rate of change set 
poinea.
Flow control valve intermediate opening set points. 
Number of reservoirs in service - i.e. full or half 
reservoir operation.
rimers for sectisg permissible time interval between 
pump starts (or stops) for dual pump operation.
(iv) Data and Constants
This comprises all fixed unalterable physical data
PITAS, P2TAB for Camden pumps 1 and 2 Head (m.H.G.) 
vs Flow (m2/s) characteristic.
VC1TAB, VC2TAB for Camden pump discharge valves 1 and
2, Valve opening (%) vs Pump flow (m^ /s) (derived by 
iteration - Appendix D)
VDTAB for Dave! flow control valve. Valve opening (%) 
vs Reciprocal of friction factor, characteristic.
VKTAB for Kriel flow control valve, Valve opening (%) 
vs Reciprocal of friction factor, characteristic.
Pipeline friction factor Xg, X^ » (FRCTN1, FRCTN2, 
FRCTN3)
Reservoir surface areas (AgR, AgD)
Pipeline dituaeter (DPI, DP2, DP3)
Pipeline constants (Ktl, K12, K21, K22, K31, K32) 
Valve throat diameter (DTI, DT2, DT3)
Static head (HI, H2STAT, H3STAI)
Valve full open and full closed settings (VI OPEN, VI 
CLSD ate)
Valve travel t .me (V1T, V2T, WC, VKT)
Valve velocity (V1V, V2V, VDV, VKV)
Flagg, (FC1, FC2 etc)
For all three pipeline sections.
B.3 Dynamic (and Derivative) Blocks 
This is arranged as follows.
(!) Camden Fump/Discharge Valve Configuration
A series of logic statements check the value of water 
level, Hg, for Rietspruit reservoir and decide how 
many pumps should be running. If there is any dis­
crepancy pumps are started or stopped to give the 
correct conditions.
The pumping head and flow in the Camden - Rietspruit 
pipeline and the water level at Rietspruit, Hg is 
then derived.
<ii) Davel Valve Position, VD
A series of logic (or conditional) statements test 
the value of Davel water level against the set points 
and open or close Davel flow control valve to the 
correct position.
From the values of head and valve opening the flow in 
the Rietspruit - Davel pipeline is calculated and the 
water level, tig at Davel obtained.
(iii) Krlel Valve Position, VK
In a similar manner to (ii) above for Davel, the 
Kriel valve position, Davel - Kriel pipeline flow
and water level, at ICriel is determined.
The calculation for AgK, the ICriel Reservoir surface 
area is included in this section since it varies with
E-A Terminal Block
This block jb not used in this simulation.
E.5 Run Time Control Statements
These ace used Co output results and plot them.
COMPUTER PROGRAMME LOGIC FLOW DIAGRAMS
PROGRAM U5UTU
LHmAU?MinK CyMTHOlU'C^ WIW.LjS 
STMC Of 1MV
PROGRAM USUTU
DYNAMIC f nt tllWiTlYE 0
CAMJlNPWlVtHbCMW.f: VALVE CCM-IOlllAHON
PROGRAM USUTU-CAMf-EN PUMP AUTO CONTROL ROUTINE (1 of A ) 
NCY SHUt tV-WN ROUTINE)

PROGRAM USUTU-CAMDFN PUMP AUTO CONTROL ROUTINE (3of 4)
(fiATL OF CHANGE Of I6CTSPFIUIT ICVtt SET POINTS)
I
PROGRAM USUTU- CAMDEN PUMP AUTO CONTROL ROUTINE (4 of 4) 
(NORMAL START UP —  ABSOLUTE LCVet)
PROGRAM U5UTU-CAMDEN P(M» STOP/ START ROUTINE (1 of 1}
PROGRAM USUTU-CAMDEN PUMP DISCHARGE VALVE ROUTINE (1 of 1)
Us, "
136
PTOGKAM USUTJ-CAMOSN-RlfJTi.f-RUiT PIPELINE SIMULATION (1of1)
PROGRAM USUTU - DAVEL VALVE AUTO CONTFOL ROUTINE (1 of 3)
(NOHMAL mj VMtROSm VALVF WILL CLOSE ROUTINE)
PROGRAM USOTU - OAVEi. WLVE AUTO CONTROL ROUTINE (2 of 3) 
(DECK* OCLBrt 0 VALVE OPENING AS OETERMIHIO Bt 
OAVFL RrSl-’WGin LEVEL)

PROGRAM USUTU - DAVEL VALVE ROUTINE (1 of !)
PROGRAM USUTU- RIETSPflUIT-DM'SL PIPELINE SIMULATION (Jol V
PROGRAM U5U7U - KHIEL VALVE AUTO CONTROL ROUTINE (1 ol 1)
(NORMAL M O  EMERGENCY VALVE F U U  CLOSED ROUTINE)
PROGRAM USUTU-KRCt VALVE AUTO CONTROL ROUTINE (2 of 3) 
(DECIDE DKSIQEO VALVE OPCNIIIC AS OEIEflMINED BY 
KltEt RESERVOIR tCVEU
PROGRAM usury- KftEL VAI.VE AUTO CONTROL ROUTINE (3ef 3)
PROGRAM USUTU- KRIEL VALVE ROUTINE (1 oil)
PROGRAM U5UTU - OAVEL- KRiEL PIPELINE SIMULATION
PllOGRAMMB LISTINGS
viRwMeur waua sel STMULiriON Of T
e coireoi. sy £ PEOFOaNlNCe.,
. RCStRVOtt WfHWilR-tfflW E 1
OATAOUIO V6RH6LEB .
r eesravoi- -svets
LEVU StTTINOS • «:S_llJUWE FLO0SI=.
! ope«iKO,Bft
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toe following outputs from the computer are given in this Appendix. 
Figure F.i Computer Simulation for opening Davel Regulating Valve.
Figure F.2 Computer Simulation for opening Ktuil Regulating Valve.






Fig. F.2 - Compurer Simulation for opening Kriel lippulatine Valve
APPENDIX G
LIST OF FORMULAE
Listed below are all the major equations given in this study with 
appropriate references:-
Equation (2.1) Hazen - Williams Formula
Q = 0,849 Cy. AR0,63 S0,5 ........................ (2.1)
(not used in this study)
Equations (2.2 and A,l) Darcy - Weisbach Formula
hf = XL v2 ...... ........................(2.2)
2g D
modified in equ. (A.4) to include for a flow control (regulating)
uf " + ' _ z .......................<A. D
2g Dp 2g 
equ. (A.8) expresses in terms of Vp
 *.«)
equ. (A.9) is derived from (A.4) and (A.8)
-i - ...................
2S », 2S D„4"
equ. (A.13) gives Darcy-Weiabach formula as used in computer 
programme
h, = J « _  {XL * _=_)<!................. tt-U)
25» 2 Dp DI6 
Equation (A.14) Benoulli's Principle
^ ...........................................
Flow and Varying Head
Headless, static head and pumping head: 
gravity main,
hg -  Hg .......................................................................................... (A. 18)
rising main,
hf = - Hs ...........................(A. 33)
Rqtiation (A.25) derivation of reservoir level
dH = (QA ~ V  • dt .....................(A,25)
Equation (A.32) derivation of pipeline flow from Darcy - Wisbach 
Formula
........ (^32)
/ ♦ K2 e
Above equatimL as applied to Ueutu River Scheme 
Camden - Rietspruit Pipeline Headless
h.. - A1 L1 Vn  * CvT2..  ...........(3.5)
28 Dp, 2g
1Rietspruit - Davel Pipeline Headless
X, L,l2 2 VP2 * SP ID ...............(3,11)
2g Dp2 2g
Davel - Kriel Pipeline Headless 
X3 L3 vP3 + ?K 'f3
2g Dp3 2g
(not included in text)
Change in Level at Rietspruit Reservoir
ML - * V- A ..
Change in Level at Davel Reservoir
tiHp = 1 *  -
AS»
Cl
Change in Level at Kriel Reservoir
JC -dt ......................(3.4)
Plow in Camden - Rietapruit Pipeline
Q,
Plow in Rietspruit - Davel Pipeline
Q2 " /  *1 * 4   (3.13)
/ 4 . i + 4.2 co
Flow in Davel - Kriel Pipeline
Q3 p / H3 ^ & ........................(G.2)
/  h.l *' K3.2 CK 
(not given in text)
Surface Area, ASK, of Kriel Reservoir
ASK ° h  ■ a2   ........................(Bl7)
A1 = ir(124, 425 + tanS )2 ................(B.l)
where tan8 ■ 2,95.....................   (B.2)
Aj “ {2s (124,43 + tan9 )} x (2 x (14,5 - tana} 
. . .  (B.4)
where tana = 2,95 ......     (3.5)
Newton - Rapheon Iteration
Y = f(Y) .....................   (D.l)
Ytt + 1 . (Fn - Cn Yn) / (1-Cn> .................. (D.2)
Cn = <fn - (£n - 1))/ {Yn - (Yn - 1)1 ..............(D.3)
fn - f(Yn) ...................................... (D.4)
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